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ABSTRACT 

The thennal stabilities, structures and Na+ binding properties of 5'-(TG)3-6­
ACTGACTG-3' motif containing oligonucleotides were investigated using temperature­
dependent UV spectroscopy and circular dichroism (CD) spectropolarimetry. The length 
of the TG motif influences the free energies of the perfect duplexes in a predictable 
fashion. By combining complementary oligonucleotides of different lengths, a series of 
duplexes with 5'-(TG)I_3- and 3'-(AC)I_3- overhangs were created. 
The thennodynamic parameters, ~Ho, ~So and ~Go, were detennined at 115 mM Na+ 
and 1 M Na+ using a wide range ofDNA concentrations via van't Hoff analysis of the UV 
optical melting data. The addition of two -TG- base pairs to the perfect duplexes 
stabilizes the duplex by an average of2.5 kcallmol at 115 mM Na+ and an average of 3.4 
kcallmol at 1 M Na+. The effect of overhanged unpaired bases on the stability of the 
duplex is primarily dependent on the position and the length of the overhang. It is known 
that, in DNA, 5' overhangs are more stable than 3' overhangs (Senior et aI., 1988; 
Marotta et aI., 1996). When the overhang is two bases long, it stabilizes the duplex. In 
our report it was found that as the length of the overhang is increased to four, and 
subsequently to six bases it begins to destabilize the duplex relative to the perfect duplex 
with the same sequence and number of base pairs. 
In this report, the optical melting studies of all the oligonucleotides at a fixed DNA 
concentration and a Na+ concentration ranging from 50 mM to 400 mM showed a linear 
dependence of the melting temperature (Tm) on the log[Na T Upon analysis of the data 
generated from the Tm vs. 10g[Na+] plots, the differential ion binding term (&1), was 
elucidated. The results show that compared to the 3' overhang oligomers, the 5' 
overhang oligomers exhibit a higher (L\n) and therefore, a higher degree of Na+ release 
upon melting. In addition, the &1 of the perfect duplexes showed a plateau effect as the 
length of the duplex increased, so that an additional two base pairs in the duplex had the 
effect of increasing the L\n less and less with each subsequent addition. 
Circular dichroism studies indicate that the duplexed are fully right handed helixes 
(B-conformation) at 115 mM Na+. Although there are changes in the spectra at 1 M Na+, 
the DNA is still primarily in a B-conformation. 
2 
CHAPTER I 

INTRODUCTION 

Deoxyribonucleic acid (DNA) is the repository of genetic information. It is a 
polymer made up of a linear array of monomers called nucleotides. The unit size of DNA 
is the base pair (for double stranded DNA), and the base (for the single stranded species). 
Nucleotides are composed of three components: a nitrogenous heterocyclic base, a 
pentose sugar (2' deoxyribose in DNA, ribose in RNA) and a phosphate residue. By 
convention, the carbon atoms of the sugars are primed so as to distinguish them from the 
carbon atoms of the bases. In a DNA polymer, the nucleotides are covalently linked to 
the C-5' position of one pentose and to the C-3' position of the following pentose by a 
phosphodiester bond. There are two types of bases: purines (adenine (A) and guanine 
(0)) and pyrimidines (thymine (T) and cytosine (C)). Thymine is replaced by uracil (U) 
in RNA. The bases are attached by a glycosidic bond to the C-1' of the pentose sugar at 
the nitrogen 9 position of the purines and the nitrogen 1 of the pyrimidines. Figure 1 
illustrates a small single stranded DNA polymer chain (oligonucleotide or oligomer) 
consisting of four nucleotides with a sequence 5'-pTpApCpO-3' or simply 5'-TACO-3'. 
The sequence of residues in a polymer is called the primary structure. The folding or 
the three dimensional structure of a polymer is called the secondary structure. The 
secondary structure of DNA was elucidated by Watson and Crick (Watson et al,. 1953), 
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Figure 1: A single strand of DNA consisting of four nuc1eotides. The sequence is 
determined from the 5' carbon to the 3' carbon phosphodiester linkages to be 5' -T ACG­
3'. 
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from x-ray diffraction patterns and data from the biochemist Erwin Chargaff (Chargaff, 
1950). The x-ray diffraction data showed that there must be two DNA strands in each 
molecule. Watson and Crick realized that hydrogen bonding between the bases of 
opposite strands could stabilize the DNA helix. In the Watson and Crick model the base 
pairs are stacked on one another with their planes nearly perpendicular to the helical axis. 
This allows for strong van der Waals interaction between the bases. Figure 2 portrays the 
hydrogen bonding between the bases allowed in the model. The stacking is due to 
favorable interactions between the aromatic rings of the bases. Base stacking and 
hydrogen bonding are two very important features in the energetics and dynamics of 
DNA helixes. The hydrophilic phosphate-deoxyribose backbones are on the outside of the 
helix, in contact with the aqueous environment. The helix is right handed, and the 
distance between adjacent base pairs is 3.4 angstroms. The structure that Watson and 
Crick had studied is called B-form DNA. This structure, formed under high humidity 
conditions, is illustrated in figure 3. B-DNA has ten base pairs per helical repeat. The 
pitch of the helix is the distance parallel to the helix axis in which the helix makes one 
tum. B-DNA has a pitch of 3.4 nm. The rotation per residue is 36°. The B-helix has two 
grooves on its outer surface, a major groove and a minor groove. The grooves play an 
important role in the interaction of DNA with other molecules as they allow access to the 
bases from outside the helix. 
DNA duplexes under physiological conditions will be predominantly in the B­
conformation. In aqueous solutions there is extensive hydrogen bonding between water 
molecules and DNA. At pH 7.0 each phosphate residue on the DNA polymer will have a 
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Figure 2: Watson-Crick basepairing in double stranded DNA. The curved lines represent 
hydrogen bonds and are in the direction of the hydrogen bond acceptor. The distance 
between the CI' positions of the deoxyribose sugars is 10.85 angstroms. (From Sinden, 
1994; Arnott et aI., 1965) 
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Figure 3: B-DNA double helix. (From Matthews and van Holde, 1990). 
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charge of negative 1. This means that cations will "condense" on the DNA helix and I 
I minimize the repulsion of the strands caused by their negatively charged sugar-phosphate 
1 
i backbones. First-shell water molecules are associated with the nucleotide residues, 
"'
I 
hydrating the exposed hydrogen bond donor and acceptor groups of the bases as well as I the phosphate groups (Neidel, 1994). !; A-form DNA is another form of right-handed DNA helical structure that forms in 
conditions of low humidity. A third type of helical structure, Z-DNA (shown in figure 
4), is unique in that DNA in this conformation has a left-handed helix. The ease of Z­
DNA formation depends on the sequence and the solvent environment. The Z structure 
of DNA was suggested by Pohl and Jovin (1972) based on changes in ultraviolet and 
circular dichroism spectra of poly(dO-dC) in high salt buffer (4.0 M NaCI). Compared 
with the low salt (0.1 M NaCI) B-DNA CD spectrum, the Z-DNA spectrum was 
completely inverted. Later studies showed that (CO)n sequences were the most prone to 
form Z-DNA at high salt concentrations. It appears that a high salt concentration 
stabilizes the Z-conformation because it has a much smaller separation between the 
phosphate anions in opposite strands of DNA, 8 angstroms as opposed to 11.7 angstroms 
for B-DNA (Blackburn et aI., 1992). The sequence hierarchy of forming Z-DNA follows 
the order (m5CO) n > (CO) n > (TO) n = (CA) n > (TA)n , where m5C is cytosine methylated 
at the 5 carbon of the base (Wang et ai., 1984). In addition to the three major 
conformations of DNA, there are local variations in DNA structure: bulges, bends, 
junctions and cruciforms. 
8 
j 
I 

I 

1 

Figure 4: Z-DNA double helix. (From Matthews and van Holde, 1990). 
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The stacking interactions between the adjacent bases and hydrogen bonding between 
opposite bases in DNA bestows a high degree of stability to the duplexed helical structure 
of DNA. Regular stacking of the aromatic rings on the bases helps align the hydrogen 
bond donor and acceptor sites within the same plane for efficient hydrogen bonding. 
However, in the absence of hydrogen bonding, the stacking of a nucleotide can still 
impart some degree of stabilization upon the duplexed DNA structure. This happens 
when a nucleotide is on the 5' or 3' end of a duplexed DNA helix and there is no 
nucleotide on the opposite strand. Studies have been carried out (Petersheim et aI., 1983; 
Senior et aI., 1988; Marotta et aI., 1996), that have shown that unpaired bases (known as 
overhangs or dangling ends) at the end of a duplexed DNA or RNA helix stabilize the 
duplex relative to a perfect duplex with the same number of base pairs. None of these 
studies however, investigated overhangs longer than two unpaired bases. 
This work sets out to study the effects of overhangs of 2, 4 and 6 bases on the 
thermal stabilities of the oligomers containing the motif 5'-(TG)3-6-ACTGACTG-3'. 
These oligomer exist predominantly in a B-conformation. Two families of oligomers 
with overhangs were studied. The 5' overhang oligomers contained a 5'-(TG)1_3­
overhang and the 3'overhang oligomers contained a 3' -(AC)1_3- overhang. The 
thermodynamics of the perfect duplexes that encompass the perfect duplex compared to 
the overhang oligomers and the perfect duplex that spans the length of overhang were 
also investigated. In addition, an investigation was carried out to investigate the effect of 
the overhang on the Na+ binding properties of the DNA oligomers and compared to that 
of the perfect duplexes. The highest Na+ concentration to which these oligomers were 
exposed was 1 M. At this Na+ concentration there was some change in the circular 
10 
dichroism spectra but the molecules did not convert to a Z conformation and therefore 
they did not form B-Z junctions. 
Base pairing and base stacking energies in DNA 
The two fundamental interactions that dominate nucleic acid dynamics and structure 
are base stacking and base pairing. Hydrogen bonding was originally thought to be the 
major force involved in the association of two DNA strands to form the double helix. 
Recent studies have shown that stacking interactions between the bases in DNA are as 
important in stabilizing secondary structure as hydrogen bonding forces. Schweitzer et 
aI., (1995) synthesized DNA oligomers containing hydrophobic isoesters of pyrimidine 
and purine bases. In these bases thymine and adenine were replaced by phenyl and indole 
nucleosides. These bases did not have the capability to form hydrogen bonds but were 
still able to stack within the DNA double helix. A hydrophobic pair was placed in the 
center of a duplexed dodecamer replacing an Aff base pair. The resulting destabilization 
was equal or less than that of a DNA central mismatch. When four hydrophobic pairs 
were placed in the center of the dodecamer the result was a sixteen base oligomer that 
was as stable as the original dodecamer. This suggested that the hydrophobic pairs were 
stacking and therefore stabilizing the duplex. There was substantial destabilization when 
a hybrid molecule was formed with a hydrophobic base opposite to a natural hydrophilic 
adenine on the complementary strand to form a "hydrophobic-hydrophilic base pair". 
This was attributed to solvationldesolvation effects. To form hydrogen bonds between a 
11 
regular adenine:thymine base pair, hydrogen bonds between the bases and the solvent 
(water) must be broken first. The hydrogen bonds that form between the bases 
compensate for the broken solvent-base hydrogen bonds so that there is no net loss of 
hydrogen bonding. The hydrophobic pairs form no hydrogen bonds with the solvent or 
between themselves so there is also no net loss of hydrogen bonding. However, with the 
hydrophilic-hydrophobic pair, the hydrophilic base is desolvated and hydrogen bonds are 
broken but there is no formation of hydrogen bonds between the bases resulting in a net 
loss of hydrogen bonding. There is a thermodynamic destabilization associated with the 
uncompensated desolvation of a hydrogen bonded phase. 
Stacking of unbasepaired nucleotides in RNA and DNA 
Petersheim and Turner (1983) investigated the base-stacking and base-pairing 
hydrogen bonding contributions of terminal unpaired bases and terminal base pairs on 
RNA molecules containing the double helical core [CCGGb The thermodynamics of 
double helix formation were determined for this series of oligoribonucleotides in 1.0 M 
Na+. _~~Go values were determined at 39° C and compared to those of the perfect duplex 
[CCGGb The addition of terminal base pairs or unpaired bases resulted in an increased 
stability due to a favorable enthalpic effect. Placement of an overhanged adenine residue 
at either the 5' end [ACCGGh or the 3' end [CCGGA]2 resulted in an increase in 
stability of 0.52 kcallmol and 1.11 kcallmol respectively. The 3' adenosine overhang 
stabilized the duplex more than the 5' adenosine overhang. The authors attributed the 
12 
difference in stabilization to the position of the overhang. The terminal ribose is 1 
I 
J connected to the helix by its 3' carbon if it is at the 5' end of the helix and by the 5' 
carbon if it is at the 3' end of the helix. NMR studies indicated a less restricted ribose at 
the 3' end compared to the ribose at the 5' end. Greater flexibility could allow more i 
efficient cross strand stacking by the 3' terminal base. The authors suggested that the 
different 5' and 3' overhangs were not just end effects but that the overhangs could affect 
the conformation of the core duplex as a whole. Placement of a 3' uridine on the core 
duplex [CCGGU]2 resulted in a free energy change of 0.60 kcal/mol. The 3' adenosine 
overhang stabilized the core duplex more than the 3' uridine. This was thought to be due 
to greater cross strand stacking potential of the purine relative to the pyrimidine or to a 
weaker stacking due to the electronic structure of uridine. Placement of an extra base pair 
at the ends of the core duplex [ACCGGU]2 resulted in a free energy change of 1.91 
kcallmol. This stabilization was the result of favorable stacking and base pairing 
interactions. The authors reasoned that since changes in the free energy attributed to the 
overhangs can only be due to favorable stacking interactions, the relative contributions of 
base pairing and base stacking could be determined by subtracting the free energy 
changes of the 5' adenine and 3' uridine overhang oligomers from the free energy change 
of the duplex with the extra base pairs. Therefore, the base pairing hydrogen bonding 
free energy contribution is MGobp 
MGo[CCGGh)) = 0.79 kcal/mol. The average free energy contribution from the base 
stacking was (1.91) - AAGobp = 1.12 kcallmol. The base stacking contribution to the total 
free energy change from the extra base pairs was nearly 60 %. This conclusion was in 
13 
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I agreement with the view that hydrogen bonding is a significant component but not the 
I major source ofhelix stabilization (Caruthers, 1964). 
I 
f Freier and coworkers carried out a study on the effects of 3' overhangs on RNA 
oligomers GGCC and CCGG (Freier et ai., 1983). 3' overhangs were created by adding 
! a single A, C, G or U, to each of the duplexes. The thermodynamics of helix formation 
I were determined at 1.0 M NaCI and 37° C. Compared to the CCGG perfect duplex, the 
addition of an A, C, G, or U 3' overhang resulted in a _MGo of 1.1, 0.4, 1.3, or 0.6 I 
i kcallmol respectively. The stabilization imparted by the overhangs on both duplexes was 
i 
sequence dependent with decreasing stability in the order A,G>U>C and associated with 
a favorable enthalpy compensated by an unfavorable entropy. The free energy gain from 
the 3' overhang is the difference in free energy between the single stranded state and the 
duplex state. The overhang will adopt the more stable conformation and that 
conformation is the duplex due to enhanced stacking interactions. For all the 3' 
overhangs a higher free energy gain resulted when the overhang was on the GGCC 
duplex compared to the CCGG duplex. The authors explained this with the assumption 
that the 3' overhangs stabilize by stacking over the 5' terminal base of the opposite 
strand. There is more overlap when the 5' terminal base is a guanine than when 5' 
terminal base is a cytosine. This assumption explained why 3' adenine and 3' guanine 
overhangs exhibited higher stabilization since they have the greater potential for 
interstrand stacking. The authors also discussed the hydrophobic base - solvent 
interactions and cited that the solvent exposed area is independent of sequence (Seeman 
et ai., 1976). The sequence dependence on stability could therefore not be attributed to 
14 
hydrophobic bonding. It was noted that hydrophobic bonding has been associated with 
an unfavorable enthalpy and a favorable entropy (Kauzmann, 1959) which is the opposite 
ofwhat was observed with the 3' overhangs. 
Freier investigated the effects of 5' overhangs and the terminal base pairs A:U, 
U:A, C:G, and G:C on the thermodynamics of the duplexes CCGG and GGCC in 1 M 
NaCI (Freier et aI., 1985). 5' overhangs on these duplexes resulted in very little 
stabilization (-88Go < 0.2 kcal/mol). The only exception was the [ACCGG]2 overhang 
oligomer showing a -88Go 0.5 kcal/mol. These stabilizations were associated with an 
unfavorable enthalpy compensated by a favorable entropy. The unfavorable enthalpy 
suggested no additional stacking of the unpaired bases on the terminal bases in the 
duplex. The [ACCGG] oligomer had a favorable enthalpy and an unfavorable entropy 
which suggested weak stacking interactions of the 5' adenosine. The free energy changes 
from the additional A:U, U:A, C:G and G:C base pairs were also determined. This, along 
with the 3' overhang data (Freier et aI., 1983), allowed for the determination of the 
energy contribution due to stacking of the terminal base pairs to the overall free energy 
change upon addition of the terminal base pairs (Petersheim and Turner, 1983). For the 
[AGGCCU]2' [UGGCCAb and [CGGCCG]2 duplexes, stacking contributed 90%, 110%, 
and 90% respectively to the overall terminal base pair free energy. The [ACCGGU]2' 
[UCCGGAb and [GCCGGC]2 duplexes had stacking contributions of 60 %, 80%, and 
20%. The stacking at the 3' end contributed the most to the overall free energy change. 
As found in the other studies, the 3' overhang stacking over an opposite strand guanine 
was stronger than the 3' overhang stacking over an opposite strand cytosine. The terminal 
15 
stacking interactions of the C:G base pairs of [CGGCCGh were greater than the stacking 
interactions of the G:C base pairs of [GCCGGCh , even though the latter duplex was 
more stable (L\L\Go = 2.3 vs. 3.4 kcal/mole). The authors attributed this to stronger 
hydrogen bonding in the terminal G/C base pairs of [GCCGGCh and cited that strong 
stacking interactions may not be conducive to optimal geometry for hydrogen bonding 
(Dickerson, 1983). This last conclusion accounted for the weaker hydrogen bonding of 
the C/G base pairs of [CGGCCGh. 
Senior et al. (1988) investigated the influence of unpaired overhanged thymidine 
residues on the thermal stability of two DNA core duplexes. Two terminal unpaired 
thymidine residues were added at the 3' or 5' ends of two hexameric core molecules 
[(CG)3J2 and [(GC)3h. Thermodynamic parameters were determined for the duplex to 
single strands transitions from concentration dependent melting profiles at 1 M NaCl. 
The free energy of helix formation at 25°C for the [(GC)3]2 duplex was 11.3 kcallmol 
and for the [(CG)3]2 duplex it was 9.8 kcaVmol. The presence of 5'-TT or TT-3' 
overhangs stabilized both core duplexes. The stabilization was attributed to a favorable 
enthalpy (AHo) and an unfavorable entropy (L\So). These results were consistent with 
those of Freier et at. (1986). The 5' residues [TT-(GC)3J2 and [TT-(CG)3h had greater 
transition enthalpies and imparted greater stability upon the core duplex than the 
corresponding 3' residues [(GC)3-TTh and [(CG)3-TTh respectively. Petersheim and 
Turner (1983) had shown that overhangs on RNA duplexes had the opposite positional 
dependence where 3' overhangs were more stabilizing than 5' overhangs. The -L\L\Go 
values obtained for the overhangs were divided by two so as to reflect the influence of a 
16 
single thymidine overhang. This was compared to the -MGo for the addition of a single 
AfT or T/A base pair to the core duplexes. The [(GC)3-TT]2 and [(CG)3-TTh had -MGo/2 
values that were 25 % and 38 % of the -i\i\Go values of the addition of the TIA base pairs. 
These percentages were based on the nearest neighbor calculations according to 
Breslauer et aI., (1986). The stacking contribution to the stabilization was found when I 
.1 
the 3' overhang was next to a guanosine residue. The [TT-(GC)3h and [TT-(CG)3]2 had­1 
I i\i\GOI2 values that were 53 % and 81 % of the -MGo values of the addition of the T/A 
! base pairs. The 5' overhangs exhibited the opposite effect where a greater stacking 
f 
interaction was observed when the 5' overhang was next to a cytosine residue. 
Doktycz et al. (1990) investigated the stability of a six base pair T4 loop DNA hairpin 
with a series of four base overhangs on the 5' end of the helix. The hairpins formed from 
the sequences 5'-(XYXY)GGATAC(T)4GTATCC-3' where X,Y = A,T,G, or T were 
melted at 100 mM NaCl to obtain the thermodynamic parameters for the hairpin to single 
strand transition. All permutations of the four base overhang stabilized the hairpin 
relative to the blunt end hairpin. Favorable free energy changes (i\i\Go) resulted from 
favorable enthalpy changes (i\i\Ho). The authors noted that the first single strand base 
directly adjoining the 5' duplex end dictated how well a particular four base overhang 
stabilized the hairpin. Stabilization followed the order: purine> T > C for the first base. 
Each four base overhang designed in this study contained four 5'-3' nearest neighbor 
stacking interactions. Each stacking interaction was placed in all the possible positions 
within the overhang; on the inside abutting the G/C base pair, in the two middle 
positions, or on the extreme 5' end with the most solvent exposure. There were a total of 
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sixteen overhang molecules designed. The ~~Ho gain from each four base stacking 
interaction was represented as a linear combination of the four equally weighted 
individual dinucleotide stacking interaction. The sixteen resultant equations were solved 
simultaneously using singular value decomposition to obtain the values for the sixteen 
possible nearest neighbor two base 5'p3' stacking interactions. The effects of a 
dinucleotide single stranded stacking interaction on the stability of the hairpin in this 
study followed the trend pyr-pu > pu-pu > pu-pyr = pyr-pyr. 
DNA Sources and Synthesis 
Traditionally, DNA for biochemical research has been extracted from sources rich in 
material, such as eukaryotic cells (calf thymus), bacteria (e. coli) and viruses (lambda 
phage). The polymerase chain reaction (PCR) allows for an extremely small amount (a 
hundred copies or less) of DNA to be amplified geometrically until necessary quantities 
are obtained. If a large DNA sequence, gene or group of genes is required in great 
abundance, the desired sequence is cloned by means of a vector into a cell line. 
Cultivating the cells makes exact copies of the inserted DNA. These sources of DNA 
have their applications, however the studying of nucleic acid structure at the molecular 
level often requires small molecules of DNA (oligomers) which are commonly 
synthesized one nucleotide at a time. Commercially available automated solid support 
DNA synthesizers can affordably make DNA molecules of less than 100 bases in useful 
micromolar scale quantities. 
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I The phosphoramidite chemistry for solid support synthesis was developed by 
I Caruthers (1985). The breakthrough in this phosphite triester method is the highly 
I efficient coupling reaction between a 5'-hydroxyl group of a deoxynucleoside and an 
" j alkyl 51-D MTr-(N -acy lated)-deoxynucleoside with a 3'-O-(N,N­
t diisopropylamino )phosphite. Nanogram quantities of nucleoside, producing micromoles I 
i 
of bases, are employed for every milligram of support. Silica or control pored glass is 
I 
1 
used as a solid support with a 10-20 atom linker to the 3' end residue. The ester linkage 
to the 3'-oxygen is base labile, but less so than the protecting groups. The 31-hydroxyl is 1 
i a secondary alcohol that can be chemically modified with a phosphitylating reagent. The 
I 
I phosphoramidites for the base building blocks and resins with the linked tritylated bases 
1 
are commercially available and are stable if kept dry. The order of synthesis is 31 end to 
51 end, which is the reverse of the convention for writing sequences, Le. 5' end to 3' end. 
The automation involves a cycle of 
four steps: 1) detritylation of the 5' end, 2) activation and coupling, 3) capping any failed 
sites, and 4) oxidation of phosphite to phosphate. The reagent lines and column are 
washed with acetonitrile between each step. The synthesis scheme is depicted in Figures 
5 A, B, and C. The 51-hydroxyl group is a primary alcohol that is protected with a 4,4'­
dimethoxytriphenylmethyl group (or dimethoxytrityl or DMTr-) by means of DMTr-CI 
and pyridine (Figure 5-A (iv)). The support is activated by detritylating the initial 
tethered nucleoside and freeing its 51-hydroxyl with trichloroacetic acid, TCA (Figure 5-C 
(iii)). Exposure to TCA should be for less than three minutes to ensure deprotection of 
only the chain terminal trityl group and to avoid acid catalyzed depurination. Activation 
of the phosphoramidite building block occurs when tetrazole protonates the tertiary amine 
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(Figure 5-B (i)). With triethylamine to deprotonate the 5'-oxygen, efficient coupling 
occurs by nucleophilic attack and loss of diisopropylamine, forming the phosphite 
linkage (Figure 5-B (ii)). The coupling efficiencies need to be 99.6% or better in order to 
obtain good yields for oligonucleotide polymers of 30 base or more. In the third step of 
the cycle any coupling failures are capped on their 5'-OH with an acetyl group via acetic 
anhydride, tetrahydrofuran (THF), lutidine (2,6-dimethylpyridine), pyridine, and the 
nucleophilic catalyst N-methylimidazole (Figure 5-B (iii)). The acetyl group cap will not 
be removed during the subsequent detritylating or activation steps which stops the failure 
strands from growing. Originally the capping chemistry utilized DMAP which bound 
irreversibly to guanine and gave rise to fluorescencent oligo. The phosphite is oxidized 
to a phosphate triester with iodine, pyridine, water, and THF (Figure 5-C (i). This ends 
the cycle, leaving a resin supported dinucleotide with a dimethoxytrityl group on the 5' 
end. The cycle is repeated until the programmed sequence is completely coupled and 
oxidized. 
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Exocyc\ic Nitrogen Base Protection and Deprotection for G, A, CI 
 (i) 
I 
1 )-COCI 

isoDutyryl chloride 
I j 
(ii) 
(iii) J:: 
HO 5' l~~ov+ 
5'·OH Protection 
eX::H3 
DMTr_O 5' B00-\:°0
+ +$:}~ 

Protected 5'-OH Nucleoside Monohydrate 
<O>COCI 
benzoyl chloride 
NlLPH 
PhCOOH 
Figure 5 (A): ProtectioniDeprotection of the nucleic acid bases G, A, C and the 5' 
primary hydroxyl group of the sugar portion. 
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(i) Activation 
I N~~J _I 
I + T etrazole i 
I 
I 
i (ii) 
I 
HO'):Y5'B° 
Nucleoside Phosphoramidite 
Coupling 
I Activated Phosphoramidite + 3' 
I J 
CPG 
Support 
(iii) Capping 
DMTr_O~1 
HOVBI 
P 
NCGbCl-b0-6 
.....~MTLO~BI 
CNCH2CH20"":P 

<±NH 

-(I-

Activated Phosphoramidit 
CPG 

Support 

DMTr_O~1 
t.K:GbGbO--P 
~ 
3' I 1. THFIN-Meth)lIt Imidazole 3' I 
~ s~ ( 2. Lutidi~go~ \~ s~lP(k ( 
B Q-b 6 Bl ~;YB V 

Figure 5 (B): (i) Activation, (ii) Coupling of the phosphoramidite (iii) Capping of the 
failure sequences. 
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The exocyclic nitrogens on the bases other than thymine need to be protected in 
order to not be altered by the cycle chemistry. Isobutyryl chloride (or anhydride) is 
employed for blocking the amino group at carbon-2 of guanine (Figure 5-A (i)). The bulk 
of the protecting group protects N 1 as well. The oxygen of carbon-6 can react and get 
blocked also. The amine at carbon-6 of adenine is protected with benzoyl chloride 
(Figure 5-A (ii)). The same reagent is used for cytosine to react with the amine at carbon­
4 (Figure 5-A (ii)). The oxygen at carbon-2 of cytosine can be reactive, also. The 
benzoyl group can react with an OH on the sugar, but this is readily removed in base. 
Concentrated ammonia is added to the column at the completion of the sequence 
synthesis, cutting the linker ester and removing the DNA from the support to the 
collection vial. The base also initiates removal of the nucleic acid protecting groups 
(isobutyl and benzoyl amides) (Figure 5 A ) and the ~-cyanoethyl groups from the 
phosphate triesters to form phosphate diester links (Figure 5 C (ii)). 
The remaining protecting groups are removed by treatment with concentrated 
ammonium hydroxide at 55°C for 18 hours (or three days at room temperature). This 
converts phosphate triester to diester and acrylonitrile, CH2=CH-CN. The still tritylated 
(full sequence) strands are separated from failure sequences and protecting groups by a 
trityl select reverse phase HPLC as described in the methods (Sheardy, 1986). Acetic acid 
(0.1 M) detritylates the full strands within an hour (Figure 5-C (iii)). 
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Oxidation of Phosphite to Phosphate (i) 
(ii) 	 Removal of B-cyanoethyl group 
-{-O 
e INC-CH=CH2 O-p=O
+ I0...,. 
(iii) Detrityiation 
DMTr-o:yo~ B __H_+_.... 
)-;-/
/0 
Protected 5'-OH 
H+ is CCl3COOH during synthesis DMTr-OH 

H+ is acetic acid during purification 

+ 
NH4 
Figure 5 (C): (i) Oxidation of phosphite (ii) removal of the cyanoethyl protecting group 
(iii) Removal of the dimethoxytrityl protecting group. 
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A final reverse HPLC preparative run separates any dimethoxytrityl alcohol from the 
oligonucleotide. In this manner, very pure DNA can be obtained for studies. The purity 
can be checked by running a native or denaturing gel and observing a single band upon 
staining. To check the sequence, two additional avenues are available. A Maxam-Gilbert 
(1983) sequencing gel, with a 32p end label or tluoresence tags, will provide a complete 
readout of the base sequence. One set of reactions are selective for the purines while 
another set of reactions pick out the pyrimidines. Secondly, an enzymatic digest with 
snake venom phosphodiesterase (SVPD) and bovine alkaline phosphatase (BAP), at 37° 
or 40°C, will convert the strands to mononucleosides. Those monomers can be separated 
by C 18 Novapac RP HPLC to verify content and to determine the ratios of the bases, by 
quantifying peak heights or areas. 
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CHAPTER II 
THEORY 
Thermal denaturation of DNA 
The thermally induced transition of nucleic acids from the duplex state to the single 
strand state can be monitored by following the increase in UV absorption with increasing 
temperature at the proper wavelength. The sigmoidal curve of absorbance vs. temperature 
is commonly referred to as a UV melting curve. It must be emphasized that optical UV 
thermal melting is a model dependent, indirect method of calculating thermodynamic 
parameters from melting curves. The model makes the assumption that the transition 
takes place in a two-state (all-or-none) fashion. The general forms of the equations 
required to extract thermodynamic data (i.e. the van't Hoff transition enthalpy) from 
melting studies were derived by Breslauer et al. (1975) and Marky and Breslauer (1987). 
The equations derived were useful for melting studies on oligomer systems of any 
molecularity. The derivation of the equations for non-self-complementary strands 
follows. 
F or the purpose of this derivation, a parameter (a) is defined to be the fraction of the 
single strands in the duplex state. Furthermore, the melting temperature (T m), is defined 
as the temperature at which a is equal to 0.5. 
The general equilibrium below represents individual non-self-complementary DNA 
strands associating to form an n-mer complex. 
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(1)
1 
I 

I 
~ 
Here n is the molecularity of the reaction, that is, the number of strands that associate 
to form the complex. The equilibrium constant K, is given by: 
(2) 

(3) 
where CT is the total strand concentration and each strand is assumed to be present in 

equal amounts. 

At Tm, a is equal to 112. The following is therefore true: 

If the molecularity (n, above) of the association or dissociation of the complex is 
greater than one, the equilibrium will exhibit a concentration dependence. The 
equilibrium can then be characterized by analyzing the dependence of the melting 
temperature on the concentration. Given that for any process at equilibrium ~Go = -RT 
In Keq, and that ~Go=~W - T~so, an expression can be derived for ~q in terms of m o 
and ~so such that: 
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(5) 
Substituting the expression for Keq at Tm for non-self-complementary strands into1I 
1 
II equation (5) gives equation (6): 
I 
1 
i 
I 
! 
~ (6) 
I Rearranging this equation yields: 
I 
 (7) 
Dividing this expression by Tm x AHo and rearranging yields an equation for the 
association of non-self complementary strands: 
(8) 
In this report, the thennodynamics of duplex fonnation are being studied, therefore n = 2, 
so that equation (8) becomes: 
(9) 
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1 This can be reduced to: 
i 
1 
1 
! 
i, (10)j 
I 
J 
i 
I 
I Thus,- 1/ Tm is linear in In(Ci4). This is the van't Hoff equation for the bimolecular I 
association of two non-self-complementary strands. This equation is also applicable to J 
1 
I 
I bimolecular association of two self-complementary strands. In that case In CT replaces 
I 
In(Ci4), as the term { ~So - R In 4} becomes simply ~So in equation (9). 
The method of data analysis described above is applicable to relatively short 
oligomer transitions where the concentration dependence of the melting temperature (Tm) 
can be observed. It is not applicable to long oligomers and polymers since they exhibit a 
pseudo-first order equilibrium in which the melting temperature (Tm) is independent of 
the DNA concentration (Marky and Breslauer, 1987). 
Nearest-Neighbor Interactions in DNA 
Under a given set of conditions, the relative stability of a DNA duplex depends on 
the base sequence (Cantor & Schimmel, 1980). Specifically, the stability of the duplex is 
dependent on the nearest-neighbor base pair interactions. There are ten possible base 
pair-base pair interactions in a duplexed Watson-Crick DNA structure. These interactions 
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are not linearly independent, making it impossible to determine each interaction uniquely 
(Gray and Tinoco, 1970). The ten base pair doublet interactions are: AAlTT; AT/TA; 
TAlAT; CAlGT; GT/CA; CT/GA; GAlCT; CG/GC; GC/CG; GG/CC. 
Since the overall stability of the DNA duplex is dependent on the primary sequence, 
models have been constructed that predict DNA duplex stability based on the relative 
stability and temperature-dependent behavior of each of the DNA nearest-neighbor 
interactions (Breslauer et aI., 1986; Doktycz et aI., 1992; Santa Lucia et aI., 1996). 
The model constructed by Doktycz and coworkers assumes that the total free energy 
of a duplex DNA sequence, j, of a given length, m, in a particular solvent environment, g, 
can be partitioned into three sources: hydrogen bonding, nearest-neighbor (n-n) stacking 
and helix nucleation such that: 
~GT (j,m,g) = ~GH.bond (j,m,g) + ~Gn-n (j,m,g) + ~Gnuc (j,m,g) (11) 
The free energy of hydrogen bonding, ~GH.bond (j,m,g), is given by the equation: 
~GH.bond (j,m,g) = ~S[NArG)(TAT (g) - T) +NGC(j)(TGC (g) - T)] (12) 
The values NArG) and NGC(j) are the number of A-T and G-C base pairs respectively, 
that are present in the sequence of duplex (j). T is the reference temperature, which is 
usually 37°C (310.15 K). TAT(g) and TGC(g) are the melting temperatures of A-T and G­
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C base pairs in solvent (g). The relationships between sequence dependent stability and 
sodium ion concentration have been empirically derived by Frank-Kamenetskii, (1971). 
TAT = 355.55 + 7.95 In [Na+] (13) 
TGC = 391.55 + 4.89 In [Na+] (14) 
~S is the average entropic change in base pair formation which equals (-24.8 callK 
mol). This value is assumed to be independent of sodium ion concentration within the 
limits: 0.10 mM < [Na+] < 1.0 M. In addition, it is assumed that ~S scales with the total 
number of base pairs. The assumption of constant entropy within this range of Na+ 
concentrations is supported by the results of calorimetric studies conducted over a wide 
range of temperatures, base compositions and counterion concentrations (Shiao and 
Sturtevant, 1973; Gruenwedel, 1974; Breslauer et aI., 1975). 
The free energy contribution of heterogeneous stacking is given in equation (15): 
(15) 

NjG) is the number of times an individual n-n base pair doublet occurs in the 
sequence of duplex (j). 8Gj (g) is the deviation from the average stacking free energy in 
solvent (g) of the n-n base pair. Doktycz and coworkers tabulated the values of 8Gj (g) at 
various sodium ion concentrations (Doktycz et aI., 1992), when they created this model. 
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The final contribution to the total free energy of the DNA duplex according to 
equation (11) is that of the free energy of nucleation. This is the free energy of nucleating 
the duplexG) of m base pairs long from two individual but complementary single strands. 
This is expressed as: 
LlGnuc (j,m,g) = -RT [In PG,m,g)] (16) 
P is the nucleation parameter for forming a duplex, R is the gas constant and T is the 
reference temperature, 37°C (310.15 K). The nucleation parameter is expressed as P = 
k(mQ) for short oligomers. The exponent a is assumed to be -5 and k is a positive 
constant (Doktycz et aI., 1992). 
Effects ofNa+ on the Helix to Coil Transition of DNA 
Studies on a variety of polynucleotides and natural DNA indicate that the transition 
temperature of DNA, the T m' increases linearly with the logarithm of the monovalent 
cation concentration (Dove et aI.,1962; Gruenwedel & Hsu, 1969). Manning (1969) 
proposed a model to explain this phenomenon in which the association of ions with 
charged biological polymers occurred via condensation. Condensation is an association 
of counterions with a linear poly ion which is independent of the ionic strength of the 
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solvent. According to the model, the extent of the association of the counterions with the 
polyion is determined by the charge density parameter: 
(17) 

where e is the electronic charge, E is the bulk dielectric constant of the pure solvent, b is 
the average distance between the charges in the polyion in Angstroms, k is Boltzmann's 
constant and T is the temperature in Kelvin. The length e2/EkT, equals 7.14 angstroms in 
water at 25°C. The dependence of Son temperature is usually neglected as the product 
ET is independent of temperature for water in the relevant temperature range. Sis the ratio 
of the Bjerrum length, of classical theory of simple electrolyte solutions, to the axial 
polyion charge separation. 
Manning's model states that if S< 1, then no counterions condense on the polyion. 
If S> 1, in other words b < 7.14 angstroms, then counterion condensation occurs, and 
will continue until the charge density parameter S is lowered to one. The fraction of a 
counterion condensed on an infinite polyion per structural ionic charge is (Manning, 
1969): 
(18) 
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where nM+ is the number of monovalent counterions and M+ associated with N 
identical, independent sites on the polyion. For double stranded DNA, b 1.7 angstroms 
(2 phosphates for every 3.4 angstroms on the helix) giving ~ = 4.2 in an aqueous solution 
at 25°C, therefore 9M+ 0.76. For single stranded DNA, b is estimated (Record et. al., 
1976b) to be 4.3 angstroms, so that, ~ = 1.7 and 9M+ 0.39. 
After counterion condensation, both forms of DNA are still highly charged 
polyelectrolytes with one negative charge per 7.14 angstroms, or an average fractional 
charge of ~-l per phosphate. The remaining net negative charge is screened by 
counterions in the Debye-Huckel ionic atmosphere. This screening effect IS 
thermodynamically equivalent to the binding of an additional fraction (2~r' of a 
counterion per polyion structural charge (the phosphates in the case of DNA) (Record et. 
al., 1976a). Therefore, there is an additional important quantity characterizing the 
interaction of counterions with the polyion structural charges that takes into account the 
Debye-Huckel screening effect (Record et aI., 1976a). "', the counterion binding 
parameter, is defined as: 
(19) 
For double stranded DNA, '" = 0.88 and for single stranded DNA", 0.70 (Record 
et al., 1976a). 
Consider the reference equilibrium: 
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KO 
HO ¢::> CO + (.1nMJM+ (20) 
HO is the double stranded helix and CO is the single strands. The quantity .1fiMH is the 
stoichiometric amount of counterion release per co-operative unit denatured (in this case, 
double stranded DNA). From equation (18): 
(21) 
where N is the number of phosphates per co-operatively melting unit, and ~-1 = bl7.14, 
where b is the axial charge separation in angstroms. be > bH for the transition from 
duplexed double stranded DNA to the single strands, therefore, e - ~-lH > 0 and so .1nM+ 
> O. This means that counterions are released upon "melting" of DNA. Given this, T m 
should rise concomitantly with the Na+ concentration since the DNA duplex has a higher 
charge density than that of the single strands and is therefore favored by counterion 
condensation. 
The dependence of the transition temperature of DNA, Tm, on Na+ concentration is 
expressed as(Record et aI., 1978): 
(22) 
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where An represents the number of Na+ ions released per duplex upon melting of the 
helix. [Na+] is the molar concentration of the monovalent counterion, R is the gas 
constant, and ~Hm is the transition enthalpy at the melting temperature T m' 
Enthalpy-Entropy Compensation in DNA Melting Thermodynamics 
Enthalpy-entropy compensation is the term given by Petruska and Goodman (1995) 
to "the strong correlation between enthalpy and entropy changes observed for molecular 
association/dissociation reactions in aqueous solution and attributed to water's influence 
as solvent". The formula used to describe the melting of a DNA helix in terms of 
nearest-neighbor doublets assumed that ~SO, the entropy change of the melting transition, 
is constant for all base pairs. A DNA duplex with n base pairs has n-1 stacking 
interactions contributing to duplex stability_ For each base pair there is a characteristic 
enthalpy change upon melting that depends on the stacking interaction between nearest 
neighbors. The total enthalpy change (~W) upon melting of the DNA duplex is the sum 
of the enthalpy change of the individual base pairs. Corresponding to ~Ho, the average 
entropy change per mole of base pairs is: 
(23) 
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where T m is the duplex melting temperature in Kelvin. If all the base pairs have the same 
entropy upon melting then .18° in equation (23) is a constant (a). Therefore equation (23) 
can be written as: 
(24) 
and Tm is directly proportional to .1Ho. However, this formula applies only to DNA 
duplexes that are long enough so that T m is independent of strand concentration. In the 
case of short duplexes, a term is required to account the for the T m dependence on strand 
concentration. 
When Petruska and Goodman (1995) plotted the values of .1Ho and .18° for all the 
doublets calculated at 1 M NaCl via van't Hoff analysis by Breslauer et aL (1987), they 
observed that .18° varied with .1Ho. The plot of .18° versus .1Ho showed a correlation 
similar to the enthalpy-entropy compensation attributed to the influence of water as 
solvent in drug-DNA binding (Breslauer et aL, 1987). According to Petruska and 
Goodman (1995), the correlation between .18° and ,1H0 followed a rectangular hyperbola. 
An analytical expression for the hyperbolic curve was generated by the introduction of a 
constant To in the linear relationship between Tm and .1W, 
(25) 
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Here a - 80 2:: 10 cal/mol K and reflects the combined DNA and solvent entropy changes 
per base pair doublet in the DNA and To - 273 K (the melting point of ice) reflects the 
influence of solvent on DNA melting. Substituting AHo/ASo for T m in equation (25) and 
solving for ASo yields the entropy-enthalpy compensation formula, 
(26) 
The term aTo - 21.8 kcallmol and represents a constant change of the enthalpy in the 
solvent (water) which accompanies the enthalpic change per base pair upon melting ofthe 
DNA duplex. This expression for ASo versus AHo has the form of a rectangular 
hyperbola passing through the origin where ASo = 0 and AW = O. If Tm were 
proportional to AHo, then at AHo 0 the melting temperature would be 0 K, as expected 
for melting in a vacuum. The melting temperature constant To is introduced as a 
parameter to account for the influence of the solvent on DNA stability. The presence of 
the solvent may provide resistance to the melting of the DNA, so that as AHo approaches 
0, the melting temperature approaches To > 0 K. Therefore T m is proportional to AHo + 
aT. rather than AW alone. The corresponding entropy change upon DNA melting is the 
combined entropy change of the DNA and the solvent is expressed by: 
(27) 
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Petruska and Goodman also evaluated the data from Gaffney and Jones (1989) which 
included thermodynamic data in 0.1 M NaCI for short duplexes. The plot of ilSo versus 
ilW at this NaCI concentration fell on or near the curve for the 1 M NaCI, therefore, the 
data indicated that the same compensation constants evaluated for the DNA base pairs at 
1 M NaCI also held at 0.1 M NaCl. 
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CHAPTER III 
MATERIALS AND METHODS 
Synthesis and purification of oligonucleotides 
All component strands of the DNA oligomers studied were individually synthesized 
on an Applied Biosystems (Foster City, CA) 380B DNA synthesizer using the 
phosphoramidite chemistry (Caruthers, 1991) described in the theory section on this 
report. Each synthesis produced 1 micromole of the desired DNA strand. This was then 
subjected to ammonolysis by capping the vial with 11.8 M ammonium hydroxide. The 
vial was then incubated for 18 hours at 55°C in an oil bath. This incubation allowed the 
cleavage of the p-cyanoethyl group from the phosphate, the acetyl group from the failure 
sequences, and the benzoyl and isobutyryl protecting groups from the bases. 
After the incubation, was the DNA solution was evaporated to dryness on a Buchi 
Rotavapor. Ethanol and triethylamine were occasionally added to the DNA solution so as 
to maintain the basic pH of the solution and to aid in the removal of water through 
azeotrope formation with ethanol. When the DNA became dry, it was reconstituted with 
1.5 ml of 0.1 M tetraethylammonium acetate buffer (pH 7) and filtered through a 0.45 11m 
Millipore filter. The DNA was then analyzed and purified by HPLC. A Waters HPLC 
system with two pumps (Model 510) and IlBondapak C18 Radial-pak(Z-module) reverse 
phase column was used for purification. The individual components of the DNA 
synthesis mixture, tritylated DNA, failure sequences and protecting groups, were 
separated via gradient elution. Accordingly, the HPLC system included two mobile phase 
40 
reservoirs: 0.1 M triethylammonium acetate buffer, pH 7, in reservoir A and HPLC grade 
acetonitrile in reservoir B. 
The failure sequences and the protecting groups were easily separated from the trityl-
DNA strand, since the DNA has a longer retention time. An analytical run was first 
carried out. The injection volume was 10 J.lI to 20 J.lI, and the detector was set at A = 260 
nm, with of range 0.5 aufs (absorbance units full scale). Once the analytical run was 
evaluated, a preparative run was performed. The detector was set at A = 270 nm, with a 
range of2.0 aufs. The rest of the DNA synthesis mixture was then injected and the trityl-
DNA peak collected (everything from this peak over 0.7 absorbance units). 50 J.lI of the 
trityl-DNA fraction collected re-analyzed in order to confirm the purity of the fraction. 
The peaks of the failures sequences and the protecting groups should be nearly absent and 
the trityl-DNA peak should be large for this analytical run. The remainder of the purified 
DNA was evaporated to dryness and reconstituted in 4 ml of distilled deionized water. 
Once again, 50 J.lI of this solution were injected onto the HPLC as an analytical run. This 
run was carried out as the detritylation of the DNA will begin, albeit slowly, in the 
presence of water. In order to achieve full detritylation of the DNA, 4 ml of 0.4 M acetic 
acid were added to the DNA solution and rotated on the Buchi rotavapor (without 
vacuum or heat) for 20 minutes. Another analytical run (100 J.lI injection) was then 
performed on the DNA solution. The presence of a large detritylated-DNA peak and the 
absence of the trityl DNA peak were evidence that detritylation was complete. 
The acidified DNA solution was then quickly neutralized by addition of LO ml of 
concentrated ammonium hydroxide, evaporated to dryness and reconstituted with 4.5 ml 
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of distilled deionized water. An equal volume of diethyl ether was added to the aqueous 
DNA solution and shaken. This extracted the dimethoxytrityl alcohol (DMTr-OH) into 
the organic (diethyl ether) layer from the aqueous (DNA solution) layer. The top 
(organic) layer was then removed. This process of diethyl ether wash, extraction and 
removal was repeated twice. The aqueous layer was evaporated to dryness and 
reconstituted with 1.5 ml of 0.1 M triethylammonium acetate buffer pH 7 and filtered 
with a 0.45 flm Millipore filter. An analytical run was then performed with an injection 
volume of 10 to 20 fll. The rest of the detritylated-DNA solution was then injected and 
the detritylated-DNA peak collected (everything from this peak over 0.7 absorbance 
units). 50 fll of the detritylated-DNA fraction collected are injected in order to confirm 
the purity of the fraction. There should be no peaks other than the detritylated-DNA peak. 
The fraction collected was evaporated to dryness and reconstituted with 7 ml of distilled 
deionized water. The DNA sample was the placed in a SpectraIPro Molecular Weight 
(1500) cutoff porous membrane tube and dialyzed three times, for 12 hours at a time, 
against distilled deionized water. The sample was then lyophilized using a Savant 
SpeedVac Concentrator. 
ButTer and Temperature Annealing of Strands 
To prepare the 0.1 M triethylarnmonium acetate buffer, 20.2 g of triethylamine 
were dissolved in 500 ml of distilled deionized water. The solution was adjusted to pH 7 
by adding glacial acetic acid and subsequently diluted to 2 liters with distilled deionized 
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water. The buffer was then filtered through a 0.45 ~m Millipore filter and degassed 
under vacuum. Finally 105 ml of HPLC grade acetonitrile was added to the buffer and 
mixed in order to prevent bacterial growth. This was the 0.1 M triethylammonium 
acetate buffer pH 7 used as mobile phase A on the HPLC during the DNA purification. 
Individual duplexes were generated by mixing equimolar amounts of the 
complementary strands, heating at 80°C for two minutes followed by slow cooling. 
The annealed duplexes were then stored at 4°C until use. The extinction coefficient E (L 
mot l cm· l in base pairs) was determined to be 13000 (Fasman, 1975). 
Optical Melting Studies 
Four series of experiments were conducted to study these strands. The first set of 
experiments determined the Tm varying the DNA concentration on the but holding the 
Na+ concentration constant in a phosphate buffer (10 mM phosphate, 0.1 mM EDTA, pH 
7). These experiments were performed at two Na+ concentrations, at 115 mM and 1 M. 
The concentration of DNA was varied over approximately two orders of magnitude (5.3 x 
10-5 M to 1.4 X 10.3 M, in base pairs). The second set of experiments determined T m while 
varying the Na+ concentration but holding the DNA concentration constant, again in a 10 
mM phosphate buffer. The DNA concentration was held constant at 9 x 10.5 M in single 
strands. The Na+ concentration was varied from 50 mM to 400 mM. The third set of 
experiments determined T m for the overhanged duplexes prepared by combining the 
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Watson strand of the perfect duplexes BZll, BZ12, and BZ14 with the Crick strand of 
BZ13 so as to create duplexes with a 5'-(TG)t_3- overhang or combining the Watson 
strand of BZ13 and the Crick strand of the perfect duplexes BZll, BZ12 and BZ14 so as 
to create duplexes with a 3'-(AC)t_3- overhang. Figure 8 in the results section depicts all 
of the DNA oligomers studied. The DNA concentration was varied over two orders of 
magnitude while the Na+ concentration was held constant. The experimental conditions 
were the same as those for the perfect duplexes. In the last series of experiments, the 5'­
(TG)t_3- and 3'-(AC)t_3- overhang oligomers were studied at a constant DNA 
concentration, while changing the Na+ concentration in the manner described above for 
the perfect duplexes. 
All experiments were performed on a Gilford Response II UVNIS 
spectrophotometer equipped with a thermoset cuvette holder as follows: while monitoring 
the absorbance at 260 nm, the temperature was raised from 10°C to 85°C, in 0.1°c steps, 
at an approximate rate of O.3°C/min. The samples were then slowly cooled down to 10°C 
from 85°C, in I.OoC steps, at an approximate rate of 1.0 °C/min., while monitoring the 
absorbance at 260 nm. Wavelength scans of each sample were carried out at 10°C before 
the temperature ramp, and at 85°C after the ramp. A third wavelength scan was carried 
out after the slow cooling step, again at 10°C, and compared to the initial scan at 10°C. If 
the absorbance of any oligomer at 260 nm in the final scan differed by more than 5 % 
from the absorbance in the initial scan, the experiment was discarded and repeated. 
A two-state (all or none) model was assumed for all thermal denaturation 
experiments. A typical optical melting curve is shown in Figure 6. The T m (melting 
temperature) of all thermal denaturation experiments was determined by taking the first 
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derivative of the sigmoidal melting curve and determining the inflection point as shown 
on Figure 7. In order to analyze the melting profiles obtained from the Gilford Response 
II, the raw data was transferred to an external PC as ASCII files using Procomm 2.1 
software (Datastorm Technologies Inc., Columbia, MO). The data was finally analyzed 
and the transition melting temperature determined using the GODIFF program (Turbo-
Basic, Borland International). This software calculates the first derivative of the melting 
profiles irrespective of whether the profiles have properly established lower and upper 
baselines corresponding to the duplex state and single strands state respectively. The 
software uses the first derivative to calculate the transition midpoint, which is the T max , 
rather than the true Tm. The two values are within ± 0.5 0c. The software allows 
variation of the number of points per interval (NPI). This feature allows for the removal 
of noise points and smoothing of data. To obtain an unbiased T max for each melting 
profile, the NPI was varied from 20 to 80 in increments of 5 NPL This provided 13 Tmax 
values per melting profile, and these were analyzed statistically to obtain the mean T max 
and the relative standard deviation (RSD). The RSD was never more than 0.9 % for any 
of the transition melting profiles. 
Plots of Iffm vs. In CT/4, where CT is the total strand concentration in base pairs 
were created to determine the van't Hoff enthalpy (L\HO) and entropy (ASO). For non-self 
complementary strands, the relationship of the duplex melting T m and the DNA 
concentration (Marky & Breslauer, 1987) is expressed as: 
(10) 
45 
The free energies of the double helix denaturation are calculated using the Gibb's free 
energy equation: 
(5) 
Circular Dichroism Studies 
The CD spectra of the perfect duplexes and the 5' and 3' overhang oligomers were 
determined in a phosphate buffer (10 mM phosphate, 0.1 mM EDT A, pH 7) at two Na+ 
concentrations, 115 mM and 1 M. The spectra were determined at 25 0 C with a DNA 
concentration of 9.2 x 10-5 M in single strands with an AVIV 62A Circular Dichroism 
Spectropolarimeter (AVIV Associates, Lakewood, NJ). The spectra were obtained at 
wavelengths from 220 nm to 320 nm using triple scans at a timed average constant of 1.0 
second with a set at 1.0 nm. The CD spectropolarimeter includes the AVIV Plot software 
(version 4.1t) which allows subtraction of the buffer blank CD spectrum from each 
sample CD spectrum in addition to offsetting and smoothing of the data. 
46 
0.60 
0.58 
0.56 
(]) 
0 § 0.54 
'f 
0 0.52 
rfJ 
..0 
< 0.50 
0.48 
0.46 
0.44 
20 30 40 50 60 70 80 
Temperature (OC) 
Figure 6: Optical melting curve ofBZll in a 50 mM Na+ ,phosphate buffer(lO roM 
phosphate, 0.1 mM EDTA, pH 7). 
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I 
I CHAPTER IV 
1 
1 RESULTS 
DNA oligomers studied: Perfect duplexes, 5' overhang and 3' overhang duplexes. 
The DNA sequences studied are shown in Figure 8. There were three series of 
sequences studied. The first series, BZ13, BZll, BZ12, and BZ14, are perfect duplexes 
in which there is an increase of 2 base pairs: TG repeat sequence at the 5' end of the 
Watson strand with the complementary AC repeat sequence at the 3' end of the Crick 
strand. The second series, BZll-13 to BZ14-13, are duplexes in which the Watson strand 
is longer than the Crick strand. These duplexes have what is referred to as a 5' TG 
overhang. The overhang has a length of two, four and six bases in BZ11-13, BZ12-13 
and BZ14-13, respectively. The third series, BZ13-11 to BZ13-14, are duplexes in which 
the Crick strand is longer than the Watson strand. These duplexes have what is referred to 
as a 3' AC overhang. The overhang has a length of two, four and six bases in BZ13-11, 
BZ12-11 and BZ14-11, respectively. 
Optical Melting Studies 
The data obtained from the thermal denaturation studies were cast into van't Hoff plots 
(i.e., lITm vs. In C!4 where CT is the total strand concentration in base pairs) for 
analysis. Figure 9 shows the plots of the perfect duplexes at 115 mM and 1 M Na+. There 
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is a high linear correlation between 1/ Tm and In Ci4. The thermodynamic parameters 
of the perfect duplexes calculated using equations 5 and 10 are shown in tables 1 through 
4. Tables 1 and 2 compare the thermodynamic parameters of the perfect duplexes in order 
of increasing length of the duplex. These tables show the effect of an additional 5'-TG-3' 
base pairs of the thermodynamic parameters. Tables 3 and 4 compare the thermodynamic 
parameters of the perfect duplexes to those of the shortest duplex: BZ13. Table 5 shows 
the line parameters obtained from the plots in order to calculate the thermodynamic 
parameters. 
The i1i1W and i1i1So data exhibits an interesting trend. As shown in Table 1, each 
additional set 5'-TG-3' base pairs increases both i1Ho and i1So but the increase is smaller 
with each additional 5'-TG-3' base pairs. This is the case at both 115 mM Na+ and 1 M 
Na+. This is in contrast to the MGo data in Table 2 which does not show such a trend. 
The i1Go data of the perfect duplexes exhibits a predictable pattern. Table 2 shows that 
addition of a 5'-TG-3' base pairs to the duplex increases i1Go by an average 2.5 kcal/mol 
at 115 mM Na+ and 3.4 kcallmol at 1 M Na+. Tables 3 and 4 also reveal some interesting 
trends. The i1i1Ho and i1i1So data in these tables exhibit almost the same gains at 115 mM 
Na+ and 1 M Na+ as the oligomer gets longer, however the MGo data shows that at 1 M 
Na+ the gain in i1Go is significantly larger than the gain in i1Go at 115 mM Na+. 
Figure 10 shows the plots of duplexes with a 5' overhang at 115 mM Na+ and 1 M 
Na+. Tables 6 and 7 compare the thermodynamic parameters of the 5' overhang oligomers 
in an order of increasing length of the overhang to the perfect duplex with the same 
number of base pairs: BZ13. 
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Perfect Duplexes 
BZ13: 
BZll: 
BZl2: 
BZl4: 
Duplexes with a 5' Overhang 
BZll-l3: 
5'-(TG)- overhang 
BZl2-13: 
5'-(TGTG)- overhang 
BZl4-13: 
5'-(TGTGTG)- overhang 
Duplexes with a 3' Overhang 
BZl3-11: 
3'-(i\<=)- overhang 
BZl3-l2: 
3'-(i\<=i\<=)- overhang 
BZl3-l4: 
3'-(i\<=i\<=)- overhang 
5'-T -G-T-G-T -G-(A-C-T -G)2-3' 
3'-i\-<=-i\-<=-i\-<=-(T-G-A-C) 2-5' 
5'-T -G-T-G-T-G-T -G-(A-C-T -G)2-3' 
3'-i\-<=-i\-<=-i\-<=-i\-<=-(T-G-A-C)z-5' 
5'-T-G-T-G-T-G-T-G-T-G-(A-C-T-G)2-3' 
3'-i\-<=-i\-<=-i\-<=-i\-<=-i\-<=-(T-G-A-C) 2-5' 
5'-T-G-T-G-T-G-T-G-T-G-T-G-(A-C-T-G)2-3' 
3'-i\-<=-i\-<=-i\-<=-i\-<=-i\-<=-i\-<=-(T-G-A-C) 2-5' 
5'-T -G-T-G-T-G-T -G-(A-C-T -G)2-3' 
3'-i\-<=-i\-<=-i\-<=-(T-G-A-C) 2-5' 
5'-T -G-T-G-T-G-T-G-T -G-(A-C-T -G)2-3' 
3'-i\-<=-i\-<=-i\-<=-(T-G-A-C) 2-5' 
5'-T-G-T-G-T-G-T-G-T-G-T -G-(A-C-T -G)2-3' 
3'-i\-<=-i\-<=-i\-<=-(T-G-A-C) 2-5' 
5'-T-G-T-G-T-G-(A-C-T-G)2-3' 
3'-i\-<=-i\-<=-i\-<=-i\-<=-(T-G-A-C) 2-5' 
5'-T -G-T-G-T -G-(A-C-T -G)2-3' 
3'-i\-<=-i\-<=-i\-<=-i\-<=-i\-<=-(T-G-A-C) 2-5' 
5'-T-G-T-G-T -G-(A-C-T -G)2-3' 
3'-i\-<=-i\-<=-i\-<=-i\-<=-i\-<=-i\-<=-(T-G-A-C) 2-5' 
Figure 8: DNA duplexes studied in this report. Note the systematic increase of the 5' 
overhang by a 5'-TG-3' increment, and the increase of the 3' overhang by an 3'-i\<=-5' 
increment. 
51 
The line parameters obtained from the plots to calculate the thermodynamic 
parameters of the 5' overhang oligomers are in Table 8. 
The MHo and .1..1.So data of the 5' overhangs shown in Table 6 reveals that the 
effects of the 5' overhang on the thermodynamics are different at 115 mM Na+ when 
compared to the effects at 1 M Na+. At 115 mM Na+, the magnitudes of .1..1.Hoand .1..1.So 
are much greater than the same parameters at 1 M Na+. The same trend is evidenced in 
the MGo data shown in Table 7. The .1..1.Goat 115 mM Na+ are significantly larger than 
the MGo at 1 M Na+. At both Na+ concentrations the 5' overhang increases both .1.Ho 
and .1.So, however, as the overhang gets longer both parameters decrease and, in the case 
of BZ14-13 at 1 M Na+, return to approximately the same values as those of the perfect 
duplex. The .1.Godata shown in Table 7 shows that when the overhang is only two base 
pairs long, it stabilizes the duplexes. However, when additional unpaired 5'-TG-3' bases 
are added to the overhang it ceases to stabilize the duplex and in some cases, it 
destabilizes it. Note the case of BZ14-13 at 1 M Na+. 
Figure 11 shows the plots of duplexes with a 3' overhang at 115 mM Na+ and 1 M 
Na+. Tables 9 and 10 compare the thermodynamic parameters of the 3' overhang 
oligomers in an order of increasing length of the overhang to the perfect duplex with the 
same number of base pairs: BZ13. The line parameters obtained from the plots to 
calculate the thermodynamic parameters of the 3' overhang oligomers are in Table 11. 
The MHO and .1..1.So data of the 3' overhangs shown in Table 9 reveals that the 3' 
overhang's effects on the thermodynamics are different than those observed with the 5' 
overhangs at 115 mM Na+ when compared to the effects at 1 M Na+. The .1..1.Ho and MSo 
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are approximately the same at 115 mM Na+ and 1 M Na+. The MOo data in Table 10 
shows that the addition of the 3' overhang to the duplex translates into greater gains in 
AAOo at 1 M Na+ than at 115 mM Na+. Table 9 shows that AHo and ASo are greater at 1 
M Na + than at 115 mM Na +. The trends exhibited by the AAGo , AHo and ASo of the 3' 
overhangs when comparing the 1 M Na + and 115 mM Na + are the opposite of the trend 
exhibited by the 5' overhangs. The AGO data in Table 10 shows that the 3' overhang 
stabilizes the duplex to a lesser extent than the 5' overhang. The data also reveals the 
same trend as the 5' overhangs that as the overhang gets longer it ceases to stabilize the 
duplex and begins to destabilize it. 
Tables 12 and 13 show the comparison of the thermodynamic parameters of the 5' 
and 3' overhang oligomers to those of the corresponding perfect duplex of the longer 
strand. Note the trends of the AHo ,ASo and AGO data as shown by the AAHo, AASo and 
AAGo data. At 115 mM Na+ the 5' overhangs have greater AW, ASo and AGO values than 
the 3' overhangs. As the overhangs get longer the added stability of the 5' overhangs over 
the 3' overhangs diminishes as if the MHO, MSo and MGo values of both types of 
overhangs were going to converge. At 1 M Na+ when the overhang is only two bases in 
length, AHo, ASoand AGO is about the same for both types ofoverhangs. As the overhangs 
increase to four and then six unpaired bases a pattern emerges where the thermodynamic 
parameters of the 3' overhangs are greater than those of the 5' overhangs. Additionally, 
this difference in stability seems to be increasing as the overhang increases in length. 
These two trends are the opposite of what is observed at 115 mM Na+. 
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Figure 9: The van't Hoff plots (lITm vs. In C/4) of the perfect duplexes in a 10 mM 
phosphate, 0.1 mM EDTA, pH 7.0 buffer at the indicated sodium concentration: BZ13 
(circles), BZll (diamonds), BZ12 (triangles) and BZ14 (squares). The lines are the least 
squares regression fits. 
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Table I: Comparison ofthe Enthalpy and Entropy Data for the Duplex to Single Strands 
Transitions of the Perfect Oligomersa,b 
Oligomer ~It> ~~Ho ~So MSo 
(kcal/mol) (kcal/mol) ( caI/K*mol) ( callK*mol) 
! 
< 
~ 
I 
1 
!;! 
~ 1 
i 
J 
I 
BZ13 96.3 
BZll 124.5 
BZ12 146.4 
BZ14 153.4 
BZ13 108.0 
BZll 140.1 
BZ12 158.6 
BZ14 175.0 
N/A 
28.2 
21.9 
7.0 
N/A 
32.1 
18.5 
16.4 
115 mMNa+ 
272 N/A 
354 82 
413 59 
432 19 
1.0 MNa+ 
299 N/A 
389 90 
439 50 
482 43 
aFor the purpose of this comparison, ~~Ho and MSo values were calculated by 
subtracting the m oand ~So values for the DNA oligomer from the ~Ho and ~So values of 
the DNA oligomer preceding it. This means that MIt> and ~~So are the experimentally 
determined values of an additional -TG- base pairs added to the duplex. 
bThe error in determining values the ~It>, ~So and ~Go from the van't Hoff plots is 
typically of ±5 %. 
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Table 2 : Thermodynamic Parameters for the Duplex to Single Strands Transitions of the 
Perfect Oligomersa,b. 
Oligomer AHo ASo AGo AAGo 

(kcallmol) (callK* mol) (kcallmol) (kcallmol) 

115mMNa+ 
BZ13 96.3 272 11.9 0.0 
BZll 124.5 354 14.7 2.8 
BZ12 146.4 413 18.3 3.6 
BZ14 153.4 432 19.4 1.1 
1.0 MNa+ 
BZ13 108.0 299 15.3 0.0 
BZll 140.1 389 19.5 4.2 
BZ12 158.6 439 22.4 2.9 
BZ14 175.0 482 25.5 3.1 
aFor the purpose of this comparison, MGovalues were calculated by subtracting AGo for 
the DNA oligomer from the AGo of the DNA oligomer preceding it. This means that 
MGois the experimentally determined value ofan additional -TG- base pairs added to 
the duplex. 
~he error in determining values the Mfo, ASoand AGO from the van't Hoffplots is 
typically of +5 %. 
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Table 3 : Comparison of the Enthalpy and Entropy Data for the Duplex to Single Strands 
Transitions of the Perfect Oligomers and BZ13a,b 
Oligomer ~W 
(kcallmol) 
~~Ho 
(kcallmol) 
~So 
(callK * mol) 
~~So 
(callK*mol) 
115mMNa+ 
BZ13 96.3 N/A 272 N/A 
BZll 124.5 28.2 354 82 
1 
~ 
i 
l 
ij 
1 
BZ12 
BZ14 
BZ13 
146.4 
153.4 
108.0 
50.0 
57.1 
N/A 
413 
432 
1.0MNa+ 
299 
141 
160 
N/A 
BZll 140.1 32.1 389 90 
BZ12 158.6 50.6 439 140 
BZ14 175.0 67.0 482 183 
aFor the purpose of this comparison, ~~Ho and MSo values were calculated by 
subtracting the ~W and ~So values for the DNA oligomer from the ~W and ~So values of 
BZ13. This means that ~~W and MSo are the experimentally determined values of the 
cumulative effect of an additional 5'-(TG)\-3' base pairs added to BZ13 in BZll; an 
additional 5'-(TG)2-3' base pairs added to BZ13 in BZ12; and an additional 5'-(TG)3-3' 
base pairs added to BZ13 in BZ14. 
~e error in determining values the ~W, ~SO and ~Go from the van't Hoffplots is 
typically of 2:5 %. 
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Table 4: Comparison of the Thennodynamic Parameters for the Duplex to Single Strands 
Transitions of the Perfect Oligomers and BZ13a,b 
Oligomer L\W L\So L\Go L\L\Go 
(kcal/mol) (callK* mol) (kcal/mol) (kcallmol) 
115 mM Na+ 
BZ13 96.3 272 11.9 N/A 
BZll 124.5 354 14.7 2.7 
BZ12 146.4 413 18.3 6.4 
BZ14 153.4 432 19.4 7.5 
l.OMNa+ 
BZ13 108.0 299 15.3 N/A 
BZll 140.1 389 19.5 4.2 
BZ12 158.6 439 22.4 7.1 
BZ14 175.0 482 25.5 10.2 
aFor the purpose of this comparison, MGo values were calculated by subtracting the L\Go 
value for the DNA oligomer from the L\Go value of BZ13. This means that L\L\Go are the 
experimentally detennined values of the cumulative effect of an additional 5'-(TG)1-3' 
base pairs added to BZ13 in BZl1; an additional 5'-(TGk3' base pairs added to BZ13 in 
BZ12; and an additional5'-(TG)3-3' base pairs added to BZ13 in BZ14. 
bThe error in detennining values the L\W, L\So and L\Go from the van't Hoffplots is 
typically of ±5 %. 
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I 

I 
~ 
i 
J 
~ Table 5 : Line Parameters for the van't Hoff (Iffm vs. In C/4) plots of Perfect Oligomers 
J j 
i 
,I 
i 
i 
Oligomer slope (x 10-5) y-intercept (x 10-3) IiI 115 mMNa+ 
I 
 BZ13 -2.0633 -2.8228 0.9932 
BZll -1.5963 -2.8418 0.9949I BZ12 -1.3576 -2.8346 0.9928I BZ14 -1.2956 -2.8155 0.9973 
I 

i 
I 

I 

I 

1.0 M Na+ 
BZ13 -1.8401 -2.7661 0.9971 
BZll -1.4186 -2.7791 0.9898 
BZ12 -1.2531 -2.7655 0.9981 
BZ14 -1.1353 -2.7520 0.9980 
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Figure 10: The van't Hoff plots (lffm vs. In C/4) comparing the 5' Overhang duplexes 
with BZ13 and BZll, in a 10 mM phosphate, 0.1 mM EDTA, pH 7.0 buffer at the 
indicated sodium concentration: BZ13(circles), BZll(diamonds), BZll-13 (inverted 
triangles), BZ12-13(squares) and BZ14-13(triangles). The lines are the least squares 
regression fits. 
60 
Table 6: Comparison of the Enthalpy and Entropy Data for the Duplex to Single Strands 
Transitions of the 5' Overhang Oligomers and BZ133,b 
Oligomer: AHo AAHo ASo AASo 
(Overhang) (kcal/mol) (kcal/mol) (callK*mol) (caI/K*mol) 
115mMNa+ 
BZ13 96.3 N/A 272 N/A 
BZll-13 (TG)I 133.8 37.5 387 115 
BZ12-13 (TG)2 116.0 19.7 332 60 
BZ14-13 (TG)3 106.0 9.7 302 30 
1.0 M Na+ 
BZ13 108.0 N/A 299 N/A 
BZll-13 (TG)I 117.4 9.4 327 28 
BZ12-13 (TG)2 111.3 3.3 309 20 
BZ14-13 (TG)3 105.1 -2.9 291 -8 
aFor the purpose of this comparison, AAHo and MSo values were calculated by 
subtracting the AW and ASo values for the 5' overhang oligomer from the AHo and ASo 
values of BZ13. This means that MHO and AASo are the experimentally determined 
values of the cumulative effect of the 5'-(TGk3' overhang added to BZ13 in BZll-13; 
the 5'-(TG)2-3' overhang added to BZ13 in BZ12-13; and the 5'-(TG)3-3' overhang 
added to BZ13 in BZ14-13. 
~e error in determining values the AHo, ASo and AGo from the van't Hoff plots is 
typically of +5 %. 
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Table 7 : Comparison of the Thermodynamic Parameters for the Duplex to Single Strands 
Transitions of the 5' Overhang Oligomers and BZ13a,b. 
Oligomer: 8Ho (kcal/mol) 8So (callK* mol) 8Go (kcallmol) 88Go 
(Overhang) (kcallmol) 
115 mMNa+ 
BZ13 96.3 272 11.9 N/A 
BZll-13 (TG)1 133.8 387 13.7 1.8 
BZ12-13 (TGlz 116.0 332 13.0 1.1 
BZ14-13 (TG)J 106.0 302 12.3 0.4 
1.0MNa+ 
BZ13 108.0 299 15.3 0.0 
BZll-13 (TG)1 117.4 327 16.0 0.7 
BZ12-13 (TG)l 111.3 309 15.5 0.2 
BZ14-13 (TG») 105.1 291 14.8 -0.4 
aFor the purpose of this comparison, MGo values were calculated by subtracting 8Go for 
the 5' overhang oligomer from the 8Go of BZ13. This means that MGo is the 
experimentally determined value of the cumulative effect of the 5'-(TG)\-3' overhang 
added to BZ13 in BZll-13; the 5'-(TG)2-3' overhang added to BZ13 in BZ12-13; and 
the 5'-(TG)3-3' overhang added to BZ13 in BZ14-13. 
~e error in determining values the 8Ho, 8So and 8Go from the van't Hoff plots is 
typically of ~5 %. 
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Table 8 : Comparison of the line parameters for the van't Hoff plots (llTm vs. In C,I4) of 
the 5' Overhang Oligomers and BZ13. 
;J 
~ j 
i 
~ 
J 
iI 
i 
~ 
I 
Oligomer: slope (x 10·s) y-intercept (x 10-3) ?i 
I (Overhang)i 115mMNa+ 
J 
~ 
BZl3 -2.0633 -2.8228 0.9932J 
i BZll-l3 (TG)1 -1.4851 -2.8926 0.9554! j 
,~ BZl2-l3 (TG)l -1.7131 -2.8638 0.99761 
BZl4-13 (TG)J -1.8744 -2.8522 0.9933 
1.0 MNa+ 
BZl3 -1.8401 -2.7661 0.9971 
BZll-l3 (TG)1 -1.6930 -2.7824 0.9970 
BZl2-l3 (TG)l -1.7849 -2.7735 0.9949 
BZl4-13 (TG)J -1.8909 -2.7664 0.9994 
j 
1 
,i
1 
f 
i 
I 
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Figure 11: The van't Hoff plots (lITm vs. In C/4) comparing the 3' Overhang duplexes 
with BZ13 and BZll, in (10 mM phosphate, 0.1 mM EDTA, pH 7.0 buffer) at the 
indicated sodium concentration: BZ13(circles), BZll(diamonds), BZ13-11 (inverted 
triangles), BZ13-12(squares) and BZ13-14(triangles). The lines are the least squares 
regression fits. 
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Table 9 : Comparison of the Enthalpy and Entropy Data for the Duplex to Single Strands 
Transitions of the 3' Overhang Oligomers and BZ13. 
Oligomer: AW AAHo ASo MSo 
(Overhang) (kcal/mol) (kcallmol) (callK*mol) (callK*mol) 
115 mMNa+ 
BZ13 96.3 N/A 272 N/A 
BZ13-11 (AC») 103.6 7.3 295 23 
BZ13-12 (AC)2 102.2 5.9 291 19 
BZ13-14 (AC)3 95.8 -0.5 272 0 
1.0MNa+ 
BZ13 108.0 N/A 299 N/A 
BZ13-11 (AC») 117.0 9.0 326 27 
BZ13-12 (AC)2 113.4 5.4 315 16 
BZ13-14 (AC)3 112.5 4.5 312 13 
aPor the purpose of this comparison, the AAHo and MSo values were calculated by 
subtracting the AW and ASo values of the 3' overhang oligomer from the AIf and ASo 
values of BZ13. This means that AAHo and AASo are the experimentally determined 
values of the cumulative effect of the 3'-(AC)1-5' overhang added to BZ13 in BZ13-11; 
the 3'-(ACk5' overhang added to BZ13 in BZ13-12; and the 3'-(AC)3-5' overhang 
added to BZ13 in BZ13-14. 
bThe error in determining values of the AHo, ASo and AGO from the van't Hoff plots is 
typically of ::!:5 %. 
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Table 10 : Comparison of the Thennodynamic Parameters for the Duplex to Single 
Strands Transitions of the 3' Overhang Oligomers and BZ13a,b. 
Oligomer: ~Ho (kcal/mol) LlSo (callK* mol) ~Go (kcallmol) ~~Go 
(Overhang) (kcallmol) 
115mMNa+ 
BZ13 96.3 272 11.9 N/A 
BZ13-11 (AC)1 103.6 295 12.1 0.2 
BZ13-12 (AC)2 102.2 291 11.9 0.0 
BZ13-14 (AC)3 95.8 272 11.4 -0.5 
1.0 MNa+ 
BZ13 108.0 299 15.3 0.0 
BZ13-11 (AC)1 117.0 326 15.9 0.6 
BZ13-12 (AC)2 113.4 315 15.7 0.4 
BZ13-14 (AC)3 112.5 312 15.7 0.4 
3For the purpose of this comparison, LlLlGovalues were calculated by subtracting ~Go for 
the 3' overhang oligomer from the LlGo of BZ13. This means that MGo is the 
experimentally determined value of the cumulative effect of the 3'-(AC)1-5' overhang 
added to BZ13 in BZ13-11; the 3'-(AC)2-5' overhang added to BZ13 in BZ13-12; and 
the 3'-(AC)3-5' overhang added to BZ13 in BZ13-14. 
~e error in detennining values of the ~W, ~So and LlGo from the van't Hoff plots is 
typically of :!:5 %. 
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Table 11 : Comparison of the line parameters for the van't Hoff plots (l/Tm vs. In Ci4) 
of the 3' Overhang Oligomers and BZ13. 
Oligomer: slope (x 10-5) y-intercept (x 10-3) 

(Overhang) 

115 mMNa+ 

BZ13 -2.0633 -2.8228 0.9932 
BZ13-11 (AC)l -1.9187 -2.8507 0.9952 
BZ13-12 (AC)l -1.9446 -2.8452 0.9989 
BZ13-14 (AC)3 -2.0136 -2.8401 0.9877 
1.0MNa+ 
BZ13 -1.8401 -2.7661 0.9971 
BZ13-11 (AC)I -1.6985 -2.7835 0.9987 
BZ13-12 (AC)2 -1.7517 -2.7754 0.9960 
BZ13-14 (AC)3 -1.7668 -2.7757 0.9981 
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Table 12 : Comparison of the Enthalpy and Entropy Data for the Duplex to Single 
Strands Transitions of the 5' Overhang and the 3' Overhang Oligomers and the 
Corresponding Perfect Duplexes. 
Oligomer: ~Ho ~~Ho ~So ~~So 
(Overhang) (kcal/mol) (kcallmol) (callK *mol) (caIIK*mol) 
115 mMNa+ 
BZll 124.5 N/A 354 N/A 
BZll-13 5'(TG). 133.8 9.3 387 33 
BZ13-11 3'(AC). 103.6 -20.3 295 -59 
BZ12 146.4 N/A 413 N/A 
BZ12-13 5'(TG)2 116.0 -30.4 332 -81 
BZ13-12 3'(AC)2 102.2 -44.2 291 -122 
BZ14 153.4 N/A 432 N/A 
BZ14-13 5'(TG)3 106.0 -47.4 302 -130 
BZ13-14 3'(AC)3 95.8 -57.6 272 -160 
1.0 MNa+ 
BZll 140.1 N/A 389 N/A 
BZll-13 5'(TG). 117.4 -22.7 327 -62 
BZ13-11 3'(AC). 117.0 -23.1 326 -63 
BZ12 158.6 N/A 439 N/A 
BZ12-13 5'(TG)2 111.3 -47.3 309 -130 
BZ13-12 3'(AC)2 113.4 -45.2 315 -124 
BZ14 
BZ14-13 5'(TG)3 
BZ13-14 3'(AC)3 
175.0 
105.1 
112.5 
N/A 
-69.9 
-62.5 
482 
291 
312 
N/A 
-191 
-170 
aFor the purpose of this comparison, the ~~Ho and MSovalues were calculated by 
subtracting the ~Ho and ~So for the 5' or 3' overhang oligomer from the ~o and ~So of 
the corresponding perfect duplex. 
bThe error in determining values the ~Ho, ~So and ~Go from the van't Hoffplots is 
typically of ±5 %. 
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Table 13 : Comparison of the Thermodynamic Parameters for the Duplex to Single 
Strands Transitions of the 5' Overhang and the 3' Overhang Oligomers and the 
J Corresponding Perfect Duplexes a,b. 
I 
i Oligomer: MIo ASo AGo MGo t 
(Overhang) (kcallmol) (callK* mol) (kcallmol) (kcal/mol) 
115 mMNa+ 
BZll 124.5 354 14.7 N/A 
BZll-13 5'(TG)1 133.8 387 13.7 -1.0 
BZ13-11 3'(AC)1 103.6 295 12.1 -2.6 
BZ12 146.4 413 18.3 N/A 
BZ12-13 5'(TG)2 116.0 332 13.0 -5.3 
BZ13-12 3'(AC)2 102.2 291 11.9 -6.4 
BZ14 153.4 432 19.4 N/A 
BZ14-13 5'(TG») 106.0 302 12.3 -7.1 
BZ13-14 3'(AC») 95.8 272 11.4 -8.0 
1.0 M Na+ 
BZll 140.1 389 19.5 N/A 
BZll-13 5'(TG)1 117.4 327 16.0 -3.5 
BZ13-11 3'(AC)1 117.0 326 15.9 -3.6 
BZ12 158.6 439 22.4 N/A 
BZ12-13 5'(TG)2 111.3 309 15.5 -6.9 
BZ13-12 3'(AC)2 113.4 315 15.7 -6.7 
BZ14 175.0 482 25.5 N/A 
BZ14-13 5'(TG») 105.1 291 14.8 -10.7 
BZ13-14 3'(AC») 112.5 312 15.7 -9.8 
aFor the purpose of this comparison, AAGovalues were calculated by subtracting AGO for 
the 5' or 3' overhang oligomer from the AGO of the corresponding perfect duplex. 
bThe error in determining values the AHo, ASoand AGO from the van't Hoff plots is 
typically of 2:5 %. 
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Table 14 shows a comparison where the thermodynamic parameters, Alf\ ASo and 
AGO at liS mM Na+ for a particular oligomer were subtracted from the same parameter 
of the same oligomer at 1 M Na+. Note how the 5' overhang oligomers show a negative 
result for both AAHo and AASo but a positive AAGo. This means that at 1 M Na+ there is 
a decrease in the enthalpy of denaturation compared to that at 115 mM Na+, however 
because there is a significant decrease in the entropy of denaturation, the total free energy 
of denaturation is still higher at 1 M Na+. Insofar as the enthalpy and the entropy, this 
phenomenon is the reverse for the perfect and the 3' overhang duplexes, although the end 
result, i.e. a higher total free energy at 1 M Na+ , is still the same. 
The next set of experiments involved studying the effects of varying the Na+ 
concentration on the thermodynamics of all studied oligomers. Figure 12 shows the actual 
optical melting plots at constant DNA concentration (9 x 10-5 M) for BZ14. Figure 13 
shows the plot of T m vs. Na+ concentration for the same set of data. The initial change in 
[Na+] from 50 mM to 200 mM results in a large increase in the Tm. Each subsequent 
increase in the [Na+] amounts to a smaller increase in the Tm, until a plateau is reached at 
1.5 MNa+. 
The plots of Tm vs. Log[Na+] for all duplexes are shown in figure 14. From these 
plots An, the differential ion binding term, will be obtained using the following equation 
(Record et aI., 1978): 
cS Tm/cS[Na+] = {2.303R Tm2/MIm} An (22) 
where A~ is the enthalpy of the melting transition T m is the melting temperature and 
cSTm/cS[Na+] is the slope of the T m vs. Log[Na+] plot. An represents the number of Na+ 
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ions released per duplex upon melting of the helix. Table 15 shows the values of the &1 
and all the parameters required for the calculation of &1 for all the oligonucleotides in 
this report. The 8Hm and Tm used were those obtained at 115 mM Na+ for all the 
oligomers. Table 16 shows the line parameters obtained from the plots in order to 
calculate 8n. The 8n of the overhang oligomers is larger than that of the perfect duplex 
with the same number of base pairs except when the overhang is six bases in length 
(BZ14-13 and BZ13-14). This suggests that the two and four base overhangs increase 
the affinity of the duplex for Na+. 
Circular Dichroism Studies 
Figures 15 to 18 show the circular dichroism spectra of all the duplexes at 115 
mM and 1 M Na+. Under both conditions all the oligomers studied have a B-DNA 
conformation, however all exhibit some change between the CD spectra at 115 mM Na+ 
and 1 MNa+. 
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Table 14 : Comparison of the Thermodynamic Parameters for the Duplex to Single 
Strands Transitions in 115 mM Na+ and 1.0 Na+ of All Studied Oligomersa,b . 
Oligomer: .1.1Ho .1.1So .1.1Go 
(Overhang) (kcaVmol) (callK* mol) (kcal/mol) 
BZ13 11.7 27 3.4 
BZll 15.6 35 4.8 
BZ12 12.2 26 4.1 
BZ14 21.6 50 6.1 
BZll-13 5'(TG)1 -16.4 -60 2.3 
BZ12-13 5'(TG)2 -4.7 -23 2.5 
BZ14-13 5'(TG») -0.9 -11 2.5 
BZ13-11 3'(AC)1 13.4 31 3.8 
BZ13-12 3'(AC)1 11.2 24 3.8 
BZ13-14 3'(AC») 16.7 40 4.3 
aFor this comparison the values of the thermodynamic parameter of interest at 115 mM 

Na+ was subtracted from that at 1 M Na+ for the same DNA oligomer. 

~e error in determining values the .1W, .1So and .1Go from the van't Hoff plots is 

typically of ~5 %. 
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Figure 12: Optical melting plots ofBZ14 at the indicated Na+ concentrations. The DNA 
concentration was constant at 9 x 10.5 M in single strands. 
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Figure 13: Effect ofNa+ concentration on the Tm of BZ14. These Tm's were obtained by 
taking the first derivative of the optical melting curves on figure 12. 
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Figure 14: The variation of Tm as a function oflog [Na+] for all studied oligomers. The 
Na+ concentration range was 50 to 400 mM and [DNA] 9.0 x 10-5 M (in base pairs) in 
10 mM phosphate, 0.1 mM EDT A, pH 7.0 buffer. Panel A shows the perfect duplexes: 
BZ13(circles), BZll(diamonds), BZ12(triangles) and BZ14(squares). Panel B compares 
the 5' overhang oligomers, BZll-13(inverted triangles), BZ12-13(squares) and BZ14­
13(triangles) with BZ13(circles) and BZll(diamonds). Panel C compares the 3' 
overhang oligomers, BZ13-11(inverted triangles), BZ13-12(squares) and BZ13­
14(triangles) with BZ13(circles) and BZll(diamonds). 
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Table 15 : Determination of the differential ion binding term of all studied oligomersa 
Oligomer: 8Tm/8Iog[Na+] T m b i1H m b 
(Overhang) (Kelvin) (kcallmol) 
BZ13 13.40 328.23 96.3 2.62 
BZll 13.76 332.16 124.5 3.39 
BZ12 13.82 335.71 146.4 3.92 
BZ14 13.62 338.29 153.4 3.99 
BZll-13 5'(TG)1 13.90 327.62 133.8 3.79 
BZ12-13 5'(TG)2 13.67 327.89 116.0 3.22 
BZ14-13 5'(TG)J 12.33 327.89 106.0 2.66 
BZ13-11 3'(AC)1 15.10 326.65 103.6 3.20 
BZ13-12 3'(AC)2 13.10 327.70 102.2 2.73 
BZ13-14 3'(AC)J 13.60 327.61 95.8 2.65 
3The error in determining values the mO, i1So and i100 from the van't Hoffplots is 

typically of +5 %. 

~he i1Hm and the Tm above are those at 115 mM Na+ for all oligomers. 
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Table 16 : Line Parameters for T m vs. log[Na+] Plots ofall studied oligomers. 
Oligomer: 
(Overhang) 
BZ13 

BZll 

BZ12 

BZ14 

BZll-13 5'(TG). 

BZ12-13 5'(TG)z 

BZ14-13 5'(TG)3 

BZ13-11 3'(AC)J 

BZ13-12 3'(AC)z 

BZ13-14 3'(AC)3 

slope 
13.40 
13.76 
13.82 
13.62 
13.90 
13.67 
12.33 
15.10 
13.10 
13.60 
0.9922 
0.9947 
0.9912 
0.9970 
0.9842 
0.9960 
0.9817 
0.9715 
0.9983 
0.9943 
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Figure 15: Circular dichroism spectra of the perfect duplexes ([DNA] = 9.0 x 10.5 in base 
pairs). The spectra were obtained in a 10 mM phosphate, 0.1 EDTA, pH 7.0 buffer. The 
spectra were done at a [Na+] of 115 mM (solid line) and 1 M (dashed line). At 115 mM 
Na+ all duplexes show a CD spectra consistent with that of a B-DNA conformation. At 1 
M Na+ there is some change in the conformation of the DNA, however it is still primarily 
in a B conformation. 
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Figure 16: Circular dichroism spectral comparison of the 5' overhang oligomers with that 
of BZ14 ([DNA] = 9.0 x 10-5 in base pairs). The spectra were obtained in a 10 mM 
phosphate, 0.1 EDTA, pH 7.0 buffer. The spectra were done at a [Na+] of 115 mM (solid 
line) and 1 M (dashed line). At 115 mM Na+ all oligomers show a CD spectra consistent 
with that of a B-DNA conformation. At 1 M Na+ there is some change in the 
conformation of the DNA, however it is still primarily in a B conformation. 
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Figure 17: Circular dichroism spectral comparison of the 3' overhang oligomers with that 
of BZ14 ([DNA] = 9.0 x 10-5 in base pairs). The spectra were obtained in a 10 mM 
phosphate, 0.1 EDTA, pH 7.0 buffer. The spectra were done at a [Na+] of 115 mM (solid 
line) and 1 M (dashed line). At 115 mM Na+ all oligomers show a CD spectra consistent 
with that of a B-DNA conformation. At 1 M Na+ there is some change in the 
conformation of the DNA, however it is still primarily in a B conformation. 
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CHAPTER V 
DISCUSSION 
Unpaired bases adjacent to duplex segments of DNA oligomers have been shown 
to stabilize the duplex (Senior et aI., 1988; Marotta et aI., 1996). Since the unpaired bases 
of the overhang cannot contribute to the stability of the molecule through hydrogen 
bonding, the added stability of duplexes with overhangs relative to that of perfect 
duplexes of equal number of base pairs has been attributed to stacking of the unpaired 
bases with the tenninal base pair in duplexes with overhangs. However, these studies 
have been done with overhangs of only two bases long. The results of our study (tables 7 
and 10) suggest that the stabilizing effect of these overhangs on the duplex becomes a 
destabilizing effect with increasing length of the overhang. 
Researchers (Senior et aI., 1988; Marotta et aI., 1996) have also found that 5' 
overhangs stabilize the duplex more than 3' overhangs. The results presented here show 
this to be so at 115 mM Na+, but this is not the case at 1 M Na+ for the oligomers in this 
study. Tables 6 and 9 show that the added stability of the overhang oligomers is due to a 
favorable enthalpy (higher &) compensated by an unfavorable entropy (higher ~So). At 
115 mM Na+, the 5' overhang oligomers have a much higher ~UO and ~So than the 
perfect duplex with the same number of base pairs BZ13 as shown in Table 6. The 
favorable enthalpic effect outweighs the unfavorable entropic effect. Therefore the 5' 
overhang imparts stabilization upon the duplex as shown in Table 7 in a positive ~~Go. 
Table 6 shows that at 1 M Na+, the 5' and 3'overhang oligomers have a higher AHoand 
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~SO than the perfect duplex with the same number of base pairs BZ13. ~~Ho and ~~SO 
are greatly reduced for the 5' overhang oligomers but not so for the 3' overhang 
oligomers. This was the first indication that the Na+ concentration was affecting the two 
types of overhangs differently. 
The ~~Go results on tables 7 and 10 comparing the 5' and 3' overhang oligomers 
respectively with BZ13, show that at 115 mM Na+ the 5' overhang oligomers are more 
stable than the 3' overhang oligomers. However, tables 7 and 10 also show that, at 1 M 
Na+, the 3' overhang oligomers are as stable as the 5' overhang oligomers. Table 13 
shows the same pattern. The ~~Go in this case is the difference between the ~Go of the 
overhang oligomer and that of the perfect duplex corresponding to the longer strand. Note 
the higher stability, and therefore higher ~~Go, of the 5' overhang oligomers relative to 
the 3' overhang oligomers at 115 mM Na+. At 1 M Na+, both types of overhangs show 
about the same relative stability. Table 14 bears additional data related to this 
phenomenon. The MGoon this table is the difference between the ~Go of an oligomer at 
1 M Na+ and the ~Go of the same oligomer at 115 mM Na+. All oligomers show more 
stability at 1 M Na+, and therefore a positive MGo. Note however, that the ~~Gos of the 
3' overhang oligomers are substantially higher than those of the 5' overhang oligomers. 
Table 14 also shows that the MHO and the ~~SO are negative for the 5' overhang 
oligomers and positive for 3' overhang oligomers. It may be interpreted from these 
results that since the stabilization imparted upon the duplex by a 5' overhang is affected 
differently by a higher Na+ concentration than the stabilization imparted by a 3' overhang, 
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I the 5' overhang stabilization involves a different phenomenon from that of a 3' overhang 
! stabilization. 
; ~ 
The differential ion binding term (L\n) data of the perfect duplexes shown on Table 
I 
1 
15 exhibits an interesting trend. The longer the duplex to which the 5'-TG-3' base pair is 
added to, the smaller the change in the L\n. Therefore, there is a large difference (L\L\n = 
I 0.77) between the L\n of BZ13 and that of BZll as the duplex changes from 14 to 16 base pairs. The L\L\n is still significant but smaller (~ 0.53) when comparing the L\nI 
I 
I of BZll(16 base pairs) and BZ12(l8 base pairs). The L\L\n between BZ12(l8 base pairs) 
and BZ14(20 base pairs) is just 0.07. There is a plateau in the L\n at around 18 base pairs j 
1 for these duplexes as shown in figure 18.I
1 
t The differential ion binding term (L\n) data of the overhang oligomers also reveals 
I some interesting trends. When the overhang is only two bases long, as for with BZll-13 
i and BZ13-11, the L\n is larger than that of the perfect duplex with the same number of 
i 
base pairs, BZ13. In BZ12-13 and BZ13-12, the overhang is four bases in length, the 
L\n values are still larger than those of BZ13. However, the overhang is six bases in 
length in BZ14-13 and BZ13-14 and these two oligomers exhibit a L\n of about the same 
magnitude as that of BZ13. Intuitively, as the overhang gets longer it becomes a larger 
portion of the molecule that is already in the single strand state and would therefore not 
exhibit as high a L\n as the duplexed portion of the molecule. L\n is a measure of the 
difference in Na+ binding between the duplex and the single strands for the entire 
molecule, since the overhang is already in the single stranded state it would be expected 
not to release Na+ upon melting of the duplex and therefore not affect the L\n. However, 
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when the overhang is two (BZll-13 and BZ13-11) and to a lesser degree when it is four 
bases in length (BZ12-13 and BZ13-12), it increases the affinity of the duplex state for 
free Na+ relative to the single strands when compared to a perfect duplex with the same 
number of base pairs (BZ13). Higher Na+ binding would stabilize the duplex and 
therefore increase ~Go. This is what is observed for the two and four base overhang 
oligomers in the van't Hoff data (tables 7 and 10) where they were compared to BZ13. 
Once the overhang becomes six bases long (BZ14-13 and BZ13-14) the single strand 
character of the overhang begins to show itself, the higher Na+ binding is no longer the 
case, and therefore the stability imparted on the duplex by the overhang, (i.e., the ~~Go), 
drops. 
The fact that the M is different for the 5' overhang oligomers and the 3' overhang 
oligomers may be an indication that not only is the stacking of the unpaired bases with 
the terminal base pair different for a 5' overhang as compared to a 3' overhang but that 
Na+ binding may also be different. As a consequence, stacking may not be the sole 
contributor to the increased stability imparted by an overhang over the perfect duplex but 
increased affinity for Na+ may account for some of the added stability. Furthermore, it 
may be this difference in the affinity Na+ that accounts for the higher stability imparted 
on the duplex by the 5' overhang over that of the 3' overhang. 
At the beginning of this investigation we had hoped to be able to induce a transition 
in the conformation of these molecules at high salt. The transition would convert the 5­
(TG)I.3-3' part of the molecule from a B-DNA conformation to a Z-DNA conformation 
while leaving the 5'-(ACTG)2-3' part molecule in B-DNA conformation (Sheardy, 1988; 
84 
Sheardy and Winkle, 1989; Sheardy, 1991). The molecule would then have a B-Z 
junction. Figures 15 to 17 show the circular dichroism (CD) spectra of all the DNA 
oligomers in this report. The CD spectra shows that all the DNA oligomers are in a B­
conformation at both Na+ concentrations. 
The following analyses were carried out to assess the validity of the thermodynamic 
parameters on tables 1 through 4,6 through 7, and 9 through 10. Figure 19 shows a plot 
of enthalpy vs. entropy for all the DNA oligomers studied. There is high degree of 
correlation at both 115 mM Na+ (r =0.9975) and 1 M Na+ (r =0.9998). This shows that 
there is enthalpy-entropy compensation taking place in the thermodynamics of these 
molecules (Petruska et. aI, 1995). Enthalpy-entropy compensation explains why the 
MOo of all the DNA oligomers in this report are positive on Table 14 even though the 
MIf' and MSo are negative for the 5' overhang oligomers and positive for the perfect 
duplexes and the 3' overhang oligomers. The 5' oligomers exhibit 6.If' and 6.So values at 
1 M Na+ are lower than those at 115 mM Na+. The drop in MIo (a negative MIf') is 
accompanied by a concomitant drop in 6.So (a negative MSo) to produce a higher 6.0° (a 
positive 6.6.0°). The perfect duplexes and the 3' overhang oligomers exhibit an opposite 
trend. The 6.If' and 6.So values of all the perfect duplexes and 3' overhang oligomers at 1 
M Na+ are higher that those at 115 mM Na+ as shown by the positive 6.6.W and MSo 
values on Table 14. The increase of a favorable enthalpic effect (higher MIo) is 
accompanied by an increase in an unfavorable entropic effect (higher 6.So) to exhibit a 
higher 6.0° at 1 M Na+ than at 115 mM Na+ and therefore a positive MOO on Table 14. 
The comparison of 1 M Na+ and 115 mM Na+ data shows that the trends of 6.If' and 6.So 
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are different for the 5' overhang oligomers from those of the perfect duplexes and the 3' 
overhang oligomers but the trend in ~Go is the same for all the oligomers in this report. 
This is an example ofenthalpy-entropy compensation. 
In addition, we compared the experimentally determined ~~Go in this study of the 
perfect duplexes when compared to BZ13, with the theoretical ~~Go values of additional 
5'-TG-3' base pairs on BZ13 as determined by Doktycz et aI., 1992. The comparison 
between experimental and theoretical values could not be done at 1 M Na+ since the 
model does not work at such high Na+ concentrations. The values of the calculated 
MGoH_bond, ~~Gon_n' ~~Gonuc, and ~~GOT are shown on Table 18. The values of the 
calculated MGo(MGoT on table 18) and experimental MGo are comparable as shown on 
Table 19. This is evidence that the experimental values in this for the perfect duplexes 
are reasonable. 
Table 19 also displays the MGo between the overhang oligomers and BZ13. These 
values were divided by the experimental and calculated MGo values of the corresponding 
perfect duplex of the longer strand to evaluate what percentage of the additional stability 
imparted on BZ13 by additional 5'-TG-3' base pairs the overhang is contributing. Table 
20 displays the same comparison in 1 M Na+. Since the bases on the overhang are 
unpaired they can only contribute additional stability through stacking or increased Na+ 
binding. At 115 mM Na+ the 5'-(TG)1-3' overhang in BZll-13 contributes nearly 67% 
of the total additional energy of an additional 5'-TG-3' base pairs. This is in contrast to 
the contribution of the 3'-(AC)-5' overhang in BZ13-11 which contributes only 7.4 %. 
The 5' overhangs in BZ12-13 and BZ14-13 also contribute more than the 3' overhangs in 
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BZ13-12 and BZ13-14 at 115 mM Na+. These results suggest that the 5' overhangs are 
stacking more efficiently than the 3' overhangs however it is known that some alternating 
sequences do not behave like normal DNA in their ionic-strength effects. The ~~Go data 
at 1 M Na+ on Table 20 reveals that in this sodium concentration the overhangs contribute 
about the same percent of the additional stability imparted on BZ13 by additional 5'-TG­
3' base pairs. 
The explanation for the different behavior of these overhangs at different Na+ 
concentration is not clear. It has been suggested that repeating DNA sequences lead to 
more effective counterion binding in the single strands (Cantor et aI., 1980). However, 
this would not account for the difference in binding since both overhangs are repeating 
sequences. A possible explanation is that at 1 M Na+ the high ionic strength of the 
solvent disrupts the more efficient stacking of the 5' overhang at 115 mM Na+ due to an 
increased hydrophobic effect. Since the results in this study suggest that the 3' overhangs 
don't stack as efficiently at 115 mM Na\ raising the Na+ concentration to 1 M may not 
have an effect on the stacking. This effect on the two types of overhangs could be 
exacerbated by fact that both thymine and guanine have three possible hydrogen bonding 
sites and while cytosine also has three possible hydrogen bonding sites adenine has only 
two. On the overhang all these hydrogen bonding sites would form hydrogen bonds with 
water. The higher Na+ concentration could disrupt this hydrogen bonding. The 5'-TG-3' 
overhangs would lose 6 hydrogen bonds while the 3'-AC- 5' would lose 5 hydrogen 
bonds. The observed effects could be a combination of all these factors: stacking 
interactions, Na+ binding and solvation. 
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Further studies need to be carried out to evaluate the effects of overhangs on the 
thermodynamics of DNA melting. This study raises the question of the validity of 
extrapolating high salt data on overhang effects on DNA melting to lower salt 
concentrations where particular DNA sequences may have differential Na+ binding and 
stacking interactions that may be obscured at high salt. 
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Figure 18: The plot of &l vs. number of base pairs of the perfect duplexes. Note how the 
increase of &l becomes smaller upon the addition of two base pairs (-TG-) to a longer 
duplex. In the case of the oligomers in this study a plateau is reached at 18 base pairs. 
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Figure 19: The plots illustrating the enthalpy/entropy compensation of all studied 
oligomers at the indicated Na+ concentration. 
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Table 17 : Line Parameters for the plots on figure 19. 
Plot slope y-intercept 
~HO vs. ~SO (115 mM Na+) 0.354 -.930 0.998 
~Ho vs. ~SO (1 M Na+) 0.366 -1.750 0.999 
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Table 18: The ..1..10° values calculated using the model described in Doktycz et ala,b,c. 
Oligomer 
BZll 2.48 0.22 -0.41 2.3 
BZ12 4.96 0.43 -0.77 4.6 
BZ14 7.44 0.65 -1.10 7.0 
3For the purpose of this comparison, MOo values were calculated by subtracting ..10° for 

the perfect duplexes from that of BZ13. A positive ..1..10° indicates higher stability. 

bDoktycz et aI., 1992. Biopolymers. 32:849-864. (Determined for 115 mM Na+) The 

model predicts the added stability to the duplex by an additionaI5'-TG-3' base pairs. 

cThe error in determining values the ..1Ho, ..18° and ..10° is typically of 2:5 %. 

d ..1..100H•bond, MOon•n, MOonuc are the free energy difference of hydrogen bonding, nearest­

neighbor interactions and nucleation, respectively . ..1..100 T is the sum of these parameters 

(the total free energy difference). 
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Table 19: Comparison of the additional stability imparted on BZ13 from additional 5'­
TG-3' base pairs and the overhangs at 115 mM Na+a,b,c,d. 
Oligomer: ~~GO ~~GO % of experimental % ofcalculatedb 
(overhang) experimental calculated, ~~Go from overhang ~~Go from overhang 
Doktycz et alb 
BZ11 2.7 2.3 N/A N/A 
BZl1-13 5'(TG)1 1.8 N/A 66.7 78.3 
BZ13-113'(AC)1 0.2 N/A 7.4 
N/A 
17.2 
0.0 
8.7 
N/A 
23.9 
0.0 
BZ12 
BZ12-135'(TG)2 
BZ13-12 3'(AC)2 
6.4 
1.1 
0.0 
4.6 
N/A 
N/A 
BZ14 7.5 7.0 N/A N/A 
BZ14-135'(TG)J 0.4 N/A 5.3 5.7 
BZ13-143'(AC)J -0.5 N/A N/Ad N/Ad 
aFor the purpose of this comparison, MGo values were calculated by subtracting ~Go for 
a 5' or 3' overhang oligomer and the perfect duplexes from that of BZ13. The 
experimental values are those obtained at 115 mM Na+. A positive ~~Go indicates that 
the DNA oligomer is more stable than BZ13. 
bDoktycz et aI., 1992. Biopolymers. 32:849-864. (Determined for 115 mM Na+) The 
model predicts the added stability to the duplex by an additional 5'-TG-3' base pairs. 
cThe error in determining values the mO, ~SO and ~Go from the van't Hoff plots is 
typically of +5 %. 
dThe overhang is no longer contributing to the stability of the duplex. 
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Table 20: Comparison of the additional stability imparted on BZ13 from additional 5'­
TG-3' base pairs and the overhangs at 1 M Na+a,b. 
Oligomer: 
(overhang) 
~~Go 
experimental 
% of experimental 
~~Go from overhang 
BZll 
BZll-13 5'(TG). 
BZ13-11 3'(AC). 
4.2 
0.7 
0.6 
N/A 
16.7 
14.3 
BZ12 7.1 N/A 
BZ12-13 5'(TG)2 0.2 2.8 
BZ13-12 3'(AC)2 0.4 5.6 
BZ14 10.2 N/A 
BZ14-13 5'(TG)3 -0.4 N/Ac 
BZ13-14 3'(AC)3 0.4 5.6 
aFor the purpose ofthis comparison, MGo values were calculated by subtracting ~Go for 
a 5' or 3' overhang oligomer and the perfect duplexes from that of BZ13. The 
experimental values are those obtained at 1 M Na+. A positive MGo indicates that the 
DNA oligomer is more stable than BZ13. 
~he error in determining values the M10, ~so and ~Go from the van't Hoff plots is 
typically of ~5 %. 
cThe overhang is no longer contributing to the stability of the duplex 
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